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Abstract 
Carbon based nanostructures, such as fullerenes, carbon nanotubes and graphene showed a high potential 
for a vast of electronic and energy applications. However, properties of such materials in pristine forms 
can be insufficient to satisfy diverse specific demands, and tailoring their intrinsic properties is of 
increasing importance. In this work, different types of single-walled carbon nanotubes (SWCNTs) with 
controlled semiconducting fractions are p-/n-type doped by chemical doping in an attempt to tailor 
physical properties of the SWCNTs for the use in flexible thermoelectric (TE) devices and thermoplastic 
polymer-based conducting composites. Several p-/n-type doping schemes and an electronic type 
separation strategy have been developed to fulfill the task. A complete solution for efficient and scalable 
production of doped SWCNTs for the fabrication of flexible thermoelectric components is developed in 
this work. 
For p-type doping, a combined experimental and theoretical work demonstrates that boron atomic doping 
is an efficient way to simultaneously improve Seebeck coefficient (S) and electrical conductivity (σ) of 
SWCNT films, showing an increased thermoelectric power factor (S2σ) up to 255 μW/mK2 by a factor of 
2.5 comparing to the pristine SWCNTs. For n-type doping, treatment of SWCNTs with potassium oxide 
and crown ether solution lead to a negative Seebeck coefficient of -30 μV/K and a promising S2σ up to 50 
μW/mK2.  
A gel chromatography method has been developed to separate large-diameter (1.2-1.8nm) SWCNTs by 
electronic properties and to increase the purity of the sorted semiconducting carbon nanotubes (sc-
SWCNTs) up to 95%.  
Effects of p-/n-type doping induced by different plasma treatments on the thermoelectric properties have 
been investigated for thin films made of sorted sc-SWCNTs. The high-purity sc-SWCNTs show 
significantly improved S of 125 μV/K. As the effects of p-type doping, air plasma treatments with proper 
duration (40s) lead to the increase of S, σ and thus S2σ up to 190 μW/mK2. The n-type doping for the 
SWCNT films have been performed via ammonia plasma treatment, and a negative S value of -80 μV/K 
has been achieved in air at 110oC, which is one of the best values ever reported for n-type carbon nanotube 
films. 
A flexible thermoelectric module was fabricated by printing ink made of the prepared boron doped 
SWCNTs and an organic solvent as an example for producing efficient all-carbon thermoelectric 
generators. At a temperature difference ΔT=60 K, the output voltage reaches 20 mV and the power output 
of 400 nW is obtained, although no “n”-legs are used in this module.   
   Abstract 
iii 
At last, a work has been done on the development of melt mixed composites as TE materials, in which 
polypropylene is used as the matrix and boron-doped SWCNTs are used as conducting fillers. A 
percolation threshold lower than 0.25wt. % and a maximum conductivity up to 125 S/m at 5wt. % of 
SWCNT load have been achieved. The maximum conductivity is more than two times higher than that of 
the composites made with pristine SWCNTs as fillers.   
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Kurzfassung 
Kohlenstoffbasierte Nanostrukturen, wie z.B. Fullerene, Kohlenstoff-Nanoröhren und Graphene, besitzen 
ein hohes Innovationspotenzial für eine Vielzahl von Anwendungen in der Elektronik und die Nutzung 
von Energie aus der Umgebung (Energy Harvesting). Allerdings reichen die Eigenschaften solcher 
Materialien in ursprünglicher Form alleine nicht aus, um bestimmte Anforderungen zu erfüllen. In dieser 
Arbeit wurden verschiedene Typen von einwandigen Kohlenstoff-Nanoröhren (single-walled carbon 
nanotubes, SWCNTs), welche zu einem kontrollierten Mengenanteil halbleitend sind, chemisch dotiert, 
um deren physikalischen Eigenschaften für die Nutzung in flexiblen thermoelektrischen Bauelementen 
und thermoplastischen, polymerbasierten Kompositen gezielt zu beeinflussen. Um diese Aufgabe 
durchzuführen, wurden verschiedene p-/n-Dotierungsschemata und eine Strategie zur Trennung nach 
elektronischen Eigenschaften entwickelt. Ein vollständiger Lösungsweg zur effizienten und skalierbaren 
Herstellung von dotierten SWCNTs für die Produktion von flexiblen, thermoelektrischen Bauelementen 
wird im Rahmen dieser Arbeit vorgestellt. 
 
Kombinierte experimentellen und theoretischen Arbeiten zeigen für den Fall einer p-Dotierung, dass die 
Dotierung mit Boratomen eine wirkungsvolle Möglichkeit zur gleichzeitigen Steigerung des Seebeck-
Koeffizienten (𝑆) und der elektrischen Leitfähigkeit (𝜎) von SWCNT-Filmen bietet. Dies resultiert in 
einer Erhöhung des thermoelektrischen Leistungsfaktors (𝑆2𝜎 von bis zu 255 μW/m∙K2) um das 2.5-fache 
im Vergleich zu den ursprünglichen SWCNTs. Für eine n-Dotierung führt die Behandlung von SWCNT 
mit Kaliumoxid und Kronenether-Lösung zu einem negativen Seebeck-Koeffizienten von -30 μV/K und 
einem vielversprechend großen 𝑆2𝜎-Wert von bis zu 50 μW/m∙K2. 
 
Eine Flüssigchromatografie-Methode wurde angewendet, um die SWCNTs mit großem Durchmesser (1.2 
- 1.8 nm) nach ihren elektronischen Eigenschaften voneinander zu trennen und somit den Reinheitsgrad 
von den ausgewählten halbleitenden Kohlenstoff-Nanoröhren (semiconducting single-walled carbon 
nanotubes, sc-SWCNTs) auf bis zu 95% zu erhöhen. 
 
Der Einfluss der p-/n-Dotierung mithilfe unterschiedlicher Plasmabehandlungen auf die 
thermoelektrischen Eigenschaften der dünnen Filmschichten bestehend aus den ausgewählten sc-SWCNTs 
wurde untersucht. Die hochreinen sc-SWCNTs weisen einen deutlich verstärkten Seebeck-Koeffizienten 
von 125 μV/K auf. Was den Effekt der p-Dotierung betrifft, führen die Luftplasmabehandlungen von 
angemessener Dauer (40 s) zu einer Erhöhung des Seebeck-Koeffizienten, der elektrischen Leitfähigkeit 
und folglich des Leistungsfaktors von bis zu 190 μW/m∙K2. Die n-Dotierung der mit SWCNTs enthaltenen 
Dünnschichtfilme wurde mithilfe der Ammoniakgas-Plasmabehandlung durchgeführt. Ein negativer 
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Seebeck-Koeffizient von -80 μV/K wurde bei 110 °C in der Luftumgebung erreicht, was vom Betrag her 
einen der experimentell am höchsten je ermittelten Werte für n-dotierte Kohlenstoff-Nanoröhren-
Dünnschichtfilme darstellt. 
 
Die Tinte bestehend aus vorbereiteten, mit Bor dotierten SWCNTs und einem organischen Lösungsmittel 
wurde für die Herstellung einer flexiblen thermoelektrischen Baugruppe verwendet, was ein Beispiel für 
die Produktion von effizienten thermoelektrischen Generatoren gänzlich aufgebaut aus Kohlenstoffen 
illustriert. Bei einer Temperaturdifferenz von 60 K liefert die untersuchte Baugruppe eine 
Ausgangsspannung von 20 mV, was einer Leistungsabgabe von 400 nW entspricht, obwohl die n-
dotierten Teilabschnitte nicht in dieser Baugruppe enthalten sind. 
 
Abschließend wurde hier die Arbeit zur Herstellung von Schmelzmischung-Kompositen als 
thermoelektrische Materialien berichtet. Für die Schmelzmischung-Komposite wurden Polypropylen als 
Matrixmaterial und Bor dotierte SWCNTs als leitfähige Füllpartikel verwendet. Eine Perkolationsschwelle 
kleiner als 0.25 Gew.% und eine maximale Leitfähigkeit von bis zu 125 S/m bei einem Massenanteil von 
5 Gew.% SWCNT wurden erzielt. Die maximale Leitfähigkeit ist mehr als 2-mal höher als der Wert, den 
die Kompositen mit SWCNTs in ursprünglicher Form als Füllpartikel haben. 
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Chapter 1 Introduction 
The engineering of materials with characteristic dimensions <100 nm in the aim of accessing size-
dependent properties and functionality is termed “nanotechnology”. The discovery of numerous carbon 
based nanomaterials, including fullerenes, carbon nanotubes and graphene nanomaterials has added a new 
dimension to the rapid development of nanotechnology. Among them, single-walled carbon nanotubes 
(SWCNTs) are strong candidates as energy harvesting and storage materials, due to their unique 
mechanical, chemical and electronic structures. However, properties of SWCNTs in pristine forms can be 
insufficient to satisfy diverse specific demands and thus tailoring their intrinsic properties is of increasing 
importance.1  
Chemical doping is a feasible way to tailor chemical and electronic properties of SWCNTs for advanced 
applications. 1 For instance, SWCNT-based optoelectronics and electronics inevitably require tunable 
carrier types (p- or n-type) and Fermi energy levels in SWCNTs for diverse electrical heterojunctions. 
This is allowed by chemical doping of SWCNTs with electron excess/deficient dopants, such as 
heteroatoms, surface functional groups or organic molecules. However, the inert chemical properties of 
sp2 carbon structures and/or the instability of dopants in air make scalable and stable doping, especially n-
type doping of SWCNTs still challenging.2 
Chirality control is the “holy grail” of SWCNT science and technology.3 SWCNTs can be imagined as 
seamlessly rolled up hollow cylinders made of graphene sheet and their electronic properties (e.g metallic 
and semiconducting characters) depend on diameter and the direction (chiral vector) in which the 
graphene sheet is rolled up. So far, SWCNTs prepared by all established synthetic techniques consist of 
SWCNT species with different diameters and chirality. The resulting lack of uniformity in the properties 
of SWCNT samples is one of the primary reasons why SWNTs are rarely used in electronic applications 
today. Emerging post-synthetic sorting schemes using various technologies, such as ultracentrifugation 
and chromatography have been developed for the production of bulk samples of monodisperse SWCNTs. 
But more efforts are still needed to improve the yield and efficiency of the sorting process to overcome the 
limitation of the as-synthesized SWCNTs. 3 
Thermoelectric devices can convert waste heat from a broad variety of sources into electricity. Recently, 
considerable interests have been focused on SWCNT based flexible thermoelectric materials, which are 
emerged as viable alternatives to traditional inorganic thermoelectric materials that are earth-rare, toxic, 
structural rigid and high-cost for processing.4 Particularly, for weakly-doped semiconducting SWCNTs, 
the thermoelectric performance has been reported to be approaching that of the traditional inorganic 
semiconductors.4 Moreover, SWCNTs can be employed in the production of either p-type or n-type “legs”, 
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which are both required for thermoelectric devices. In this case, advanced p- and n-type doping strategies 
for SWCNTs, especially for semiconducting SWCNTs have been becoming an important issue in the field 
of thermoelectrics. 
The polymer-nanotube systems have vast industrial applications such as energy storage devices, 
electronics, sporting goods, automobiles, filters, sensors, etc.5 Despite the type of polymer, various 
properties of carbon nanotubes like, type, synthesis method, additional chemical treatment and aspect ratio 
are important, referring to the minimum percolation thresholds and maximum conductivity of the 
composites. The electronic performance of SWCNTs in the composite can be of paramount use if their 
electronic and chemical structures can be tuned.  
In the first section of introduction, the structural dependency on electronic and optical properties of 
SWCNTs are briefly explained. Next, a short introduction of four mainstream production methods of 
SWCNTs in terms of the working principle, yield and quality of the produced nanotubes is provided. 
Then, basic chemistries and established protocols for doping and chiral control of SWCNTs have been 
introduced. Finally, reviews have been given for SWCNT based thermoelectrics and electrical conducting 
composites, from physical fundamentals to the state-of-the-art materials in the fields. 
1.1 Electronic and optical properties of SWCNTs 
Carbon nanotube were first described in 1991 by Iijima using an electron microscope when he was 
studying cathodic material deposition during the synthesis of fullerenes.6 Single-walled carbon nanotubes 
are hollow cylinders of carbon with diameters on the order of one nanometer, lengths ranging from tens of 
nanometers to centimeters, and walls that are one atomic-layer thick. As a result of the sp2 covalent 
bonding and quantum confinement, SWCNTs show outstanding chemical stability, flexibility, mechanical 
properties, and especially tempting electronic properties. 
SWCNT structures can be considered as rolling up graphene ribbons with different cylindrical size and 
wrapping angles. As can be seen from Fig. 1, each carbon atoms in the graphitic lattice can be identified 
by vectors (a1, a2) and the integers (n,m). The way of rolling up graphene ribbons can be defined as the 
‘‘chiral vector’’, Ch = na1 + ma2. Electronic properties and optical properties of SWCNTs are strongly 
depended on the geometrical structures. When n - m = 3q (q is an integer), the nanotubes are metallic or 
semi-metallic, while all rest nanotubes are semiconducting. In the case of m = 0 and n = m, the 
corresponding SWCNT structures are named as zigzag and armchair respectively. All other cases between 
the zigzag and armchair vectors are chiral tubes. Armchair SWNTs are metallic with a continuous density 
of sates (DOS) near the Fermi level; other m-SWNTs have a small pseudo-band gap (~50 meV) near the 
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Fermi level which can usually be neglected at room temperature. The DOS of sc-SWNTs show a 
significant band gap on the order of 500 meV that varies inversely with diameter. 
 
Figure 1.1 Schematic view of graphene lattice. a) Schematic plot of the chiral vector (Ch) in a graphene lattice. (b) 
The relationship between the integers (n,m) and the metallic or semiconducting nature of nanotubes. 
 
 
Figure 1.2 a) electronic density of states (DOS) and b) energy difference between Van Hove singularities pairs 
in m- and sc-SWNTs. The Fermi level (Ef) is highlighted in a) by the dashed blue line. 
A typical feature of one-dimensional nanomaterials is that their electronic density of states is not a 
continuous function of energy, but consists of discontinuous spikes, known as van Hove singularities 
(VHs), due to quantum confinement effects (in Fig. 1.2a). The interband energy Eii with different 
singularities i can be calculated and plotted versus the diameter in Figure 1.2b, as known as “Kataura 
plot”. The optical properties of SWCNTs can usually be identified with two methods: optical absorption 
and resonance Raman. 
Optical absorption in carbon nanotubes differs from absorption in conventional three dimensional 
materials because of the presence of VHs instead of an absorption threshold followed by an absorption 
Introduction 
4 
 
increase (for most 3D materials). Characteristic absorbance of nanotubes originates from light excited 
electron transitions from VHs pairs in the valence band to conduction band.  As many nanotubes have 
very similar E22 or E11 energies, significant overlap may occurs in absorption spectra, and the sharpness 
deteriorates with increasing energy. Meanwhile, interactions between nanotubes, such as bundling, 
broaden optical lines. But the quench of metallic SWCNTs has much weaker effect on optical absorption. 
Optical absorption is routinely used to quantify quality of the carbon nanotube. The spectrum is analyzed 
in terms of intensities of peaks related to SWCNTs as well as background and the π-plasmon absorption, 
the two latter may also originate from carbonaceous impurities.7 
Raman scattering is used to study vibrational, rotational, and other low-frequency modes in a material 
system. For carbon nanotubes, phonons provide a sensitive probe of the electronic structure due to the 
coupling between electrons and phonons in the one-dimensional system.8 This coupling gives rise to 
unique Raman spectra, when the incident phonons in the Raman process are in resonance with an 
electronic state in the one-dimensional system. Thus the resonance Raman effect is highly sensitive of the 
nanotube diameter which determines the electronic states.8 Specifically, chirality-dependent behavior is 
also observed. 8 
 
Figure 1.3 A typical Raman spectra of SWCNTs bundles. 
Figure 1.3 shows typical features in a Raman spectra of SWCNTs: the radial breathing mode (RBM), the 
tangential G-band (derived from the graphite-like in-plane mode), the disorder-induced D-band, and its 
second-order harmonic band (the G’-band), all of which are explained in detail in the followings.  
RBM corresponds to radial expansion-contraction of the tubular structure of SWCNTs. Both theoretical 
calculation and experimental results indicate that the RBM frequency, ωRBM, depends linearly on the 
reciprocal nanotube diameter (α/dt), thus each (n, m) nanotube in a sample with a wide diameter 
distribution will have a different RBM spectrum.7 α varies slightly as a function of the type of substrates 
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on which the SWCNTs deposited. For the Si/SiO2 substrate, it is experimentally found to be 248 cm-1/nm 
for isolated SWCNTs.9 In resonance Raman spectrum, this frequency is usually used to determine (n, m) 
indices, which primarily induced from Eii using the unique relation between Eii and (n, m). 
The second Raman signature of SWCNTs is related to the multi-component higher frequency features in 
the range of 1500-1605 cm-1, associated with the tangential (G band) vibrational modes. The G band is 
basically derived from the Raman allowed optical phonon mode E2g  of 2D graphite by two zone folding 
the 2D grapheme Brillouin zone into the 1D nanotube Brillouin zone, noting that only modes with A, E1, 
and E2 symmetry are Raman active for SWCNTs.8 Importantly, line shape of the G-band spectra are the 
characteristic differences between the G-band spectra for metallic and semiconducting nanotubes. G band 
of isolated semiconducting nanotubes characteristically show two dominant Lorentzian feature with 6-15 
cm-1 linewidth at room temperature, the lower frequency component associated with vibrations along the 
circumferential direction (ω𝐺
−), and the higher frequency component (ω𝐺
+) attributed to vibrations along 
the direction of the nanotube axis. 7 In contrast, the Raman spectra for metallic nanotubes also have two 
dominant components with similar origins, but the upper frequency component has a Lorentzian line 
shape that is almost as narrow as that for the semiconducting nanotubes, whereas the lower frequency 
component ω𝐺
− is a very broad Breit-Wigner-Fano line. 8  
The D-band and its second-order feature (G'-band) are observed in the Raman spectra of both 
semiconducting and metallic SWCNTs at the single nanotube level. They are induces by disorder of C-C 
interaction and exhibit a strongly dispersive behavior as a function of laser excitation energy, which is 
similar to those in other sp2 carbons. 8 The misleading name of G' mode is given while the mode is firstly 
observed in graphite, which is usually the second strongest after the G mode. However, it is actually the 
second overtone of the defect-induced D mode (and thus should logically be named 2D).  
Other overtones, such as a combination of RBM+G mode at ~1750 cm-1, are frequently seen in SWCNT 
Raman spectra. However, they are less important in the characterization in this work. 
1.2 Synthesis methods of SWCNTs 
Significant research efforts have been devoted during the past decades in the developments of efficient 
and high-yield nanotube growth methods. Several main stream methods including arc-discharge, laser 
ablation, chemical vapor deposition (CVD) and high pressure conversion of carbon monoxide are used for 
experiments with different motivations to produce SWCNTs with different diameter distribution and 
characteristics. In the following part, these four methods are shortly introduced. It is worth to mention that 
none of these synthesis techniques produce identical populations of SWNTs, although some progress has 
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been made in controlling the properties of SWNTs during growth.3 The resulting lack of uniformity in the 
properties of SWNT samples is one of the primary reasons why SWNTs are rarely used in electronic 
applications today. 3 
 
 
Figure 1.4 Schematic illustration of production methods of carbon nanotubes. a) Arc-discharge b) Laser 
ablation c) High pressure conversion of carbon monoxide d) chemical vapor deposition. (Figures adapted from 
reference10) 
Arc discharge method: 11 The first reported nanotubes in 1991 by Iijima were produced by arc discharge 
when producing fullerenes. During the process, carbon atoms are evaporated by plasma of helium gas 
ignited by high currents passed through opposing carbon anode and cathode (Figure 1.4a). For the growth 
of SWCNTs, a metal catalyst is needed in the arc-discharge system. The SWCNTs produced by arc-
discharge are straight and few defects. The yield for this method is up to 30% by weight and it can used 
for production of both single- and multi-wall nanotubes.  
Laser ablation method: 12 As shown in Fig.1.4b, a pulsed laser is applied to ablate a carbon target 
containing catalysts, such as nickel and cobalt. The target is placed in a high-temperature reactor and an 
inert gas flow is utilized to carry the grown nanotubes out of the chamber downstream to be collected on a 
cold finger. The produced SWCNTs are mostly in the form of ropes consisting of tens of individual 
nanotubes close-packed into hexagonal crystals via van der Waals interaction. The laser ablation method 
yields around 70% of carbon nanotubes, primarily SWCNTs with a controllable diameter tuned by the 
reaction temperature. Usually, it is more expensive than either arc discharge or chemical vapor deposition.  
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High pressure conversion of carbon monoxide (HiPco): 12 The method produce SWCNTs by continuously 
flowing CO gas phase (i.e. the carbon feedstock) and Fe (CO)5 as catalyst precursor, through a heated 
reactor (in Fig. 1.4d). The average diameter of HiPco SWCNTs is approximately 1.1 nm and the yield 
reaches 70 %. SWCNTs made by this method generally have an excellent structural integrity, although the 
production rates are still usually low.  
Chemical Vapor Deposition (CVD):12 The growth process involves heating up a catalyst material to a 
selected high temperatures in a tube furnace (Figure 1.4c) and flowing a carbon containing gas through the 
chamber for a period of time. The grown SWCNTs over the catalyst are collected after cooling the system 
to room temperature. The key parameters in nanotube CVD growth are the hydrocarbons, catalysts and 
growth temperature, and the diameters of produced nanotubes are related to the size of the metal particles. 
Specifically, CVD methods are promising for producing high quality nanotubes with ordered alignment 
that is not possible with arc-discharge or laser ablation techniques.  
Fig.1.5 shows representative UV-Vis absorption spectra of films made of purified HiPCO, Laser, and Arc-
discharge produced SWNTs after baseline correction. The absorbance peaks refer to band gap transitions 
in SWNTs, indicating the differentiation of diameter of the nanotubes prepared by three kinds of methods. 
 
Figure 1.5 Absorption spectra of films of purified HiPCO, Laser, and Arc-discharge produced SWNTs after 
baseline correction. [Figure adapted from reference8] 
1.3 Doping of SWCNTs 
Despite the fascinating character, properties of SWCNTs in pristine forms can be insufficient to satisfy 
diverse specific demands for different applications. For example, chemically inert structure of SWCNTs is 
a principle bottleneck for solution processing. More significantly, most of the SWCNT based 
optoelectronic and electronic, including thermoelectrics demand SWCNT components with tunable charge 
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carrier types (p- and n-type) and Fermi level.  Chemical doping or modification are believed to be an 
efficient way to tailor chemical and electronic properties of graphitic carbons including carbon nanotubes. 
The strong covalent bond nature of SWCNTs makes it challenging to induce any efficient doping without 
deterioration of their chemical and electronic properties, thus specific doping strategies have to be 
developed, which can be classified into three categories: heteroatom doping; covalent functionalization; 
and non-covalent surface modification. 
Doping via heteroatom implantation 
Table 1.1 Synthetic strategies for heteroatom doped carbon nanotubes and graphene 
Process Nitrogen source Boron source Phosphorus source Sulfur source 
Vapor phase 
growth 
[500-1100 oC] 
Benzylamine, 
Imidazole,  
Ethylene diamine, 
Acetonitrile 
Polymers (P4VP, 
PMPY, PPP, 
PMV1, PMV1)13–21 
Triphenyl 
borane,  
Boron 
powder, 
 Diborane22–26 
Triphenyl-
phosphine19,27  
Dimethyl 
sulfide28 
Post synthesis 
annealing 
[500-1100 oC] 
Ammonia29–34 
B2O3 (in 
ammonia 
atmosphere)35–
37 
-- sulfur gas38 
Solution 
processing 
 [80-250 oC] 
Urea  (for hybrids 
of carbon 
nanotubes and 
oxidized graphene 
)39 
   
plasma treatment graphene40,41 -- -- -- 
 
In conventional silicon based semiconductors, modification of electronic properties is generally achieved 
by doping with heteroatoms which have excess/deficient charge carriers. This doping strategy has also 
been adapted to SWCNTs. The heteroatoms can be incorporated in the graphitic lattice either during the 
synthesis or after the synthetic process. Typical heteroatoms employed for SWCNTs doping includes 
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nitrogen, boron, phosphorus and sulfur due to their similar atomic diameters to carbon atoms. 
Corresponding protocols being reported in literatures are summarized in table 1.1. 
For SWCNTs, the N-doping level of 5.0 at% has been realized via in situ doping. 38 M.S. Dresselhaus et 
al. and P. Ayala et al. reported that the common content of boron in SWCNT lattice can be as high as 3 
at.% in total, and the content of each type of boron is less than 1 at%.42,43 very recently, a doping strategy 
using harsh fluorination followed by annealing in a dopant source can superdope low-dimensional 
graphitic materials with with a high level of N, S or B. (for single-wall carbon nanotubes, 7.79 and 
10.66at% for N- and S-doping, respectively.) 38 In most of those works, the doping has been found to 
efficiently enhance the electrochemical reactivity of SWCNTs, but electronic properties of the doped 
SWCNTs have been rarely reported. 
Doping via covalent surface functionalization 
Covalent surface functionalization can permanently medicate the local chemical structure and 
substantially modifies the electronic and other physical properties of SWCNTs. Chemical oxidation has 
been investigated for the chemical modification of the inert graphitic structure. Covalently bound oxygen 
functional groups are generally introduced to nanotube wall by chemistry in liquid phase, using 
concentrated acids or non-acidic oxidants like H2O2 or KMnO4.1 The oxygen functional groups alter the 
local bonding environment form sp2 to sp3 hybrid structures and bring novel properties, such as enhanced 
electrical conductivity and solubility. More significantly, the chemically reactive oxygen functional 
groups can serve as further chemical modification sites for ion absorption, chemical grafting and inorganic 
material deposition. Nonetheless, any attempt for oxygen functionalization may severely damage the 
SWCNT surface and counterbalances the doping effect, resulting in a deteriorated electrical conductivity. 
For reducing the damage, mild oxidation methods, such as photo-oxidation, plasma treatment and 
electrochemical oxidation can be used.1 Alternatively, a direct covalent functionalization of carbon 
nanotubes has also been developed, following two principal reaction schemes, namely, free radical 
additions and addition of dienophiles.1 For instance, in the free radical addition, charge transfer from the 
nanotube surface to aryl diazonium salt creates highly reactive radicals. On the second way, dienophiles 
like azomethene alide and carbine can also react at graphitic surface though dipolar cycloaddition and 
form two sp3-hybridized sites per linked moiety. 
Doping via charge-transfer absorption of molecules/polymer 
Charge-transfer doping is a new class of doping relying on spontaneous charge transfer from the 
physisorbed agents. 1 Those non-covalent functionalization exploits specific association of polymeric or 
other organic molecules with SWCNTs via π-π stacking or other specific interactions, which can realize 
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doping of graphic carbons without influence their graphic lattice structures. But the main disadvantage of 
the small molecular organic/ organometallic dopants is the bad thermal and chemical stability, which 
limits the use of the conventional fabrication process for subsequent applications, involving standard 
lithography or high-temperature processes. And the bulky dopants molecules may obstacle the charge 
transfer in tube-tube junctions, which will deteriorate the electrical properties of the SWCNT networks. In 
view of specific applications, this strategy is highly desirable for high performance materials and devices. 
Up to now, various dopants, including gas molecules, organic/organometallic molecules, polymers and 
metal/metal oxides have been exploited for efficient charge transfer doping of carbon nanotubes, as listed 
in table 1.2. 
Table 1.2 Charge transfer doping species and doping types. 
Charge carrier dopant Acceptor Donor 
Gaseous molecules 
O2,44,45 NO2,46,47 H2O vapor,46 I2 
Vapor, 46 Br2 
NH3, 46 CO46 
Orangic/organometallic 
molecules 
F4-TCN,48TCNE, 494-
Bromobenzenediazonium tetrafl 
uoroborate, 50 Dibromoanthracene 
(An-Br), 51Tetrasodium 1,3,6,8-
pyrenetetrasulfonic acid (TPA) 51 
Butylamine, 52Reduced benzyl 
viologen, 53,541,5- 
Naphthalenediamine, 51 
Dimethylanthracene 51 
Metal/metal oxide 
nanoparticles 
-- 
Potassium,55 Gold, 56 TiO2 ,57 
Titanium, 58 Iron 58 
polymers Fluoropolymer (CYTOP)59 P4VP, 60 Polyethylene imine50 
1.4 Sorting of SWCNTs  
A wide range of applications demand SWCNTs with homogenous geometrical and/or functional 
properties.61-63  So, significate efforts have been made in enriching SWCNT samples by their length, 
diameter, electronic type, chiral angle and even handness.3, 64 Methods  to obtain SWCNTs of particular 
type can be divided in three categories: preferential synthesis, selective destruction and post-synthesis 
sorting.64 In the first strategy, synthesis parameters are tuned to produce SWCNTs with desired chiral 
angle and diameters. Designed catalysts65 or seeds made of short SWCNTs66 are employed to produce 
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specific SWCNT species in chemical vapor deposition. Alternatively, appropriate SWCNT species can be 
built up with specific molecule building blocks by executing organic total synthesis.67 In the second 
method, the pre-synthesized nanotube materials are subjected to harsh chemical and/or physical conditions, 
such as high current density,68 light, 69microwave,70 plasma71 and high reactive chemical solutions72, 
which are able to preferentially etch away unwanted SWCNT species. Lastly, various methods have been 
developed to solve the complex mixtures of SWCNTs in post-synthetic sorting.  As a simple and effective 
strategy, selective chemistry and its all five modifacations are presented below (electrophoresis, 
ultracentrifuge, chromatography, polymer isolation and aqueous two-phase extraction). 
Selective chemistry 
All separation strategies build on selective reactions between nanotubes and specific chemicals. 
Researchers have explored many chemistries with reactivity that vary as a function of SWCNT electronic 
type, diameter and even chiral handedness. Efforts have been devoted on amplifying the differences 
between various SWCNT species in a ploy-disperse mixture. Engaged selective chemistry on SWCNT 
separation can be classified into three categories: (1) covalent sidewall functionalization; (2) non-covalent 
surfactant encapsulation; (3) non-covalent polymer wrapping.  
Covalent sidewall chemistries have been firstly developed that show reacting selectivity as a function of 
electronic type and diameter.73 For instance, diazonium reagents selectively functionalize metallic single-
walled carbon nanotubes suspended in aqueous solution.74 Because water-soluble diazonium salts can 
extract electrons from carbon nanotubes in the formation of a covalent aryl bond and metallic nanotubes 
with higher density of electronic states near the Fermi level are more easily to be oxidized by the salt. 
After covalent functionalization by p-hydroxybenzene diazonium salt, a negative charge is induced on 
metallic nanotubes through deprotonation in alkaline solutions, which enables electronic type separation 
of SWCNTs using solution electrophoresis.75 Compounds with a diazonium and a long alkyl tail render 
selective solubility of metallic SWCNTs in organic solutions.76 A similar effect has been observed in 
dichlorocarbene covalent chemistry.77,78 More aggressively, nitronium selectively attacks small-diameter 
metallic nanotubes, reducing them to amorphous carbon.79 Diameter dependency have also been 
demonstrated for some reactions. Binary sulphonic acid mixtures tend to dissolve SWCNT with smaller 
diameters due to the larger geometric strain. Solution-phase ozonolysis and ozone exposing also prefer to 
interact with small-diameter nanotubes due to diameter-dependent π-orbital misalignment.80 Selective 
functionalization of metallic nanotubes has been achieved with amines, such as propylamine and 
isopropylamine in organic solution.81 On the contrary, octadecylamine selectively interacts with 
semiconducting SWCNTs if the nanotubes are oxidized in advanced in acid.82 Bromine and charge 
transfer aromatics formate charge transfer complex with metallic SWCNTs. 83,84 
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However, the efficiency of the covalent functionalization based SWCNT separation up to now is still 
unsatisfied. Meanwhile, the functionalization usually induces substantial and irreversible changes of 
optical and electronic properties of metallic SWCNTs, which may adverse to subsequent applications of 
the nanotubes. Selective non-covalent chemistries have been pursued in the same time in an attempt to 
minimize perturbation of functionalization on the SWCNTs. 
Single strand deoxyribonucleic acid (DNA) with selected sequent can bind to carbon nanotubes through π-
stacking, resulting in helical wrapping to the surface. The DNA-SWCNT hybrid show different surface 
charge density according to the electronic type and diameter.85,86,87 DNA-metallic CNT have less surface 
charge than DNA-semiconducting CNT due to the opposite image charge created in the metallic nanotube. 
Among semiconducting DNA-CNTs, linear charge density depends on tube diameter, and there are two 
(nonexclusive) mechanisms that allow this phenomenon. First, the effective linear charge density is 
diameter-dependent because the polarizability of semiconducting nanotubes depends on diameter. Second, 
the linear charge density of the DNA changes with tube diameter due to wrapping geometry changes. 86 
Diameter and electronic type dependent bonding has been observed for various common surfactants in 
aqueous solution. The common features of the surfactants—a straight alkyl tail and a charged head 
group—allows m- and sc-SWCNTs to be discriminated and separated. Utilizing those surfactants, such as 
sodium dodecyl sulphate, sodium dodecylbezene sulfphonate together with other surfactants such as 
sodium cholate enables metallic/semiconducting separation of SWCNTs with different diameters.88 
Selective dispersion of specific SWCNT species can be also realized by noncovalent polymer wrapping. 
Fluorene-based polymers are firstly found to provide diameter and electronic diameter selectivity.89 More 
conjugated polymers for SWCNTs sorting are then developed, including polyfluorene, polythiophene, 
polycarbazone, and other copolymers. 89 The effects of the side chains, skeleton structure, molecular 
weight, and solvent on the selectivity toward the diameter or chirality of SWCNTs have been optimized 
based on the mechanism behind the selective extraction of sc-SWCNT. Porphyrin chemistry also show 
selectivity as function of electronic type and even chiral handedness.3 
Electrophoresis 
As SWCNTs possess dimension similar to biomolecules, a numbers of efforts have been made to use 
separating techniques borrowed from the life science. Electrophoresis employs a direct current electric 
field to sort individual SWCNT species according to their mobilities through a selected medium. 
Nanotubes with smaller molecular weight migrate faster in the electric field, thus leading to separation by 
length or diameter. Three variations of this method are distinguished, which has been employed for 
SWCNT separation: free electrophoresis, capillary electrophoresis and gel electrophoresis.64 Free 
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electrophoresis is accomplished in solution without matrix. Capillary electrophoresis is carried out through 
capillaries with diameter smaller than 1mm, which offer higher resolution because of several effects. 
Lastly, gel electrophoresis employs stationary phase made of agarose, agar or polyacrylamide, which 
amplifies the difference in motilities of analyte based on the size or electrostatic interaction between them 
and the employed gel. Another approach for electronic type separation of SWCNTs is alternative current 
dielectrophoresis, based on the fact that metallic and semiconducting SWCNTs have a striking difference 
in their dielectric constants: ε>1000 and ε<5, respectively.90, 91 Metallic tubes are easier to polarize and 
obtain larger dipole moments at high frequencies (e.g. 10MHz), move faster towards the electrode 
comparing to semiconducting tubes.92 
Ultracentrifugation 
Sorting SWCNTs by density gradient centrifugation, in which nanotubes dispersed in solutions are 
separated into insolated bands based on their buoyant density difference. In the process, SWCNTs are 
commonly dispersed in aqueous solution with the help of surfactant. The surfactants cover the surface of 
SWCTs in different density and configurations depend on the electronic type and diameter of the carbon 
nanotubes, thus leading to different buoyant density of the nanotubes.93 T. Tanaka et al. build a surfactant 
screening system, identifying 5 from 100 screened surfactants for the M/S separation.94 The common 
features of the surfactants—a straight alkyl tail and a charged head group—allows m- and sc-SWCNTs to 
be discriminated and separated.94 Utilizing those surfactants, such as sodium dodecyl sulphate, sodium 
dodecylbezene sulfphonate together with other surfactants such as sodium cholate enables m/s separation 
of SWCNTs with different diameters. Iodixanol are the mostly widely used and efficient gradient medium 
in density-gradient separation of SWCNTs. Yield of sorted SWCNTs is low, limited by the loading 
(usually 5-10 mL for every centrifuge tubes) of centrifuge setup for ultrahigh speed and long 
centrifugation duration (usually around 10h).  
Chromatography  
The name of chromatography is derived from a Greek word chroma, which means color. The electroic 
typed and/or diameter sorted SWCNTs give all colors of the rainbow because of their different electronic 
structure and then optical absorbance bands. Size exclusion chromatography has been firstly reported to 
realize separation of SWCNTs by length using controlled pore glass. Gel permeation chromatography are 
then found to be able to achieve SWCNT sorting, using sephacryl62 or agarose gel95. By careful tuning the 
separation parameters, such as concentration of surfactants, pH and temperature, SWCNTs can be 
separated by length, diameter, electronic type and even chiral handedness. 64 
Polymer wrapping 
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It has been realized that certain polymers can selectively bind with particular SWCNT species and makes 
them more soluble in selected solutions. Fluorene-based polymers and several conjugated polymers for 
SWCNTs sorting are developed, including polyfluorene, polythiophene, polycarbazone, and other 
copolymers. 89 The effects of the side chains, skeleton structure, molecular weight, and solvent on the 
selectivity toward the diameter or chirality of SWCNTs have been optimized based on the mechanism 
behind the selective extraction of sc-SWCNT. Specifically, very efficient diameter and metallicity 
character separation can be achieve by the polymer wrapping strategy.96 Probably the best-performance 
SWCNT based field effect transistors have been built with the polymer sorted SWCNTs showing on/off 
switching ratios up to 107.97 Yield of the SWCNTs sorted by polymer wrapping is low, as the 
concentration of SWCNTs dissolved in polymer containing solution is limited in low level. What’s more, 
residual polymer on the surface of SWCNTs is an obstacle for many subsequent application, (the 
polymers will greatly deteriorate the electrical conductivity of SWCNT networks), but removal of the 
wrapped polymer is still a challenging issue. 
Aqueous two-phase extraction 
Aqueous two-phase extraction is also a popular tool used in the field of biotechnology. Two water soluble 
polymers can separate into phases with a distinct boundary if critical concentration is reached. These two 
phases can partition cell particles and biomaterial such as nucleic acid. 98This technique has been recently 
adapted for SWCNTs.99 SWCNTs dispersed in surfactant solution are mixed with poly-(ethylene glycol) 
and dextran and then the nanotubes spontaneously partition between two immiscible phases according to 
diameter and metallicity. It is further reported that the mentioned surfactant can be replaced by DNA of 
appropriate sequence. And different polymer system such as poly-(ethylene glycol)/polyacrylamide, 
polyvinylpyrrolidone/dextran have also been developed. It has been proven that aqueous two-phase 
extraction is universal and can differentiate SWCNTs of a wide range of diameters produced by four 
synthesis methods.100 
1.5 SWCNTs in thermoelectrics 
Thermoelectric effects  
Thermoelectricity is a two-way process. It refers to either the way of generating electricity from a 
temperature difference between two side of a material, or to the reverse. 
The first known thermoelectric effect was found by a Baltic German physicist, Thomas Seebeck in 1821, 
and thus was called Seebeck effect. It can be explained with the help of the schematic basic thermocouple 
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in Fig. 1.6. A typical thermocouple is formed by two dissimilar conductors that are connected electrically 
in series but thermally in parallel. If two temperature (Ta>Tb) are applied on the junction a and b, an open 
circle voltage, V would be developed between c and d and given by V=SAB (Ta-Tb) or SAB=V/ΔT which 
defines the differential of Seebeck coefficient between conductor A and B. 
 
Figure 1.6 Schematic basic thermocouple. 
The Peltier effect is named after French physicist Jean Charles Athanase Peltier, who discovered it in 
1834. The effect is the presence of heating and cooling, when an external voltage is applied across c and d 
and a current, I flows in a clockwise sense around the circle. A Peltier coefficient is defined by the ratio of 
I to the heating or cooling rate, q and is given by π=I/q. 
The last of the thermoelectric effects, the Thomson effect is an extension of the Peltier–Seebeck model 
and is observed by William Thomson in 1851. The Seebeck coefficient is not constant in materials in 
temperature, and thus a spatial gradient of temperature would result in a gradient in Seebeck coefficient. 
The Thomson effect related to the rate of generation of reversible heat q which is caused by a current 
flow, I along a single conductor along which there is a temperature difference ΔT. In this case, q=βI ΔT, 
where β is the Thomson coefficient. It shares same unite µV/K with Seebeck coefficient. This effect is 
usually neglected in detail calculations for thermoelectric devices. 
The above three thermoelectric coefficient are correlated by the Kelvin relationships, 
𝑆𝐴𝐵 =
𝜋𝐴𝐵
𝑇
 𝑎𝑛𝑑 
𝑑𝑆𝐴𝐵
𝑑𝑇
=
𝛽𝐴− 𝛽𝐵
𝑇
                                                              (1.1) 
These relationships are derived using irreversible thermodynamics, and are assumed working in all 
materials in thermoelectric applications. 
Thermoelectric performance metrics and efficiency 
A thermoelectric converter is a heat engine and its efficiency is defined by the ratio of the electrical power 
delivered to the load to the heat absorbed at the hot side. Loffe introduced  a thermoelectric performance 
metrics called figure of merit, ZT = (σS2)/ κ T as a byproduct of the derivation of TE efficiency101,102. And 
ZT has been widely used to assess the desirability of thermoelectric materials for devices. The derivation 
proceeds can be conveniently discussed with reference to the two-element generator depicted in Fig. 1.4. 
Two thermoelements, A and B made of p- and n-type materials respectively are connected  in thermal 
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parallel and electrical series by a conductor which is assumed to have negligible electrical and thermal 
conductivity. Driven by a temperature difference ΔT=Th-Tc>0, heat energy flux Qh is input to the system 
from the top and comes out of the bottom of the device as heat flux Qc1 and Qc2. Meanwhile, the following 
assumptions are made for the calculation:103 
 
1. Seebeck coefficient SA= = -SB= ½ S for the temperature range from Tc to Th. 
2. Electrical conductivity σA= σB= σ for the temperature range from Tc to Th. 
3. Thermal conductance κA = κB=½κ for the temperature range from Tc to Th. 
4. AA = AB = A is the cross-sectional area of the thermoelements. 
 
Figure 1.7 Two-element TEGs 
The efficiency is defined as follows: 
 
𝜂 =  
𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑙𝑜𝑎𝑑
ℎ𝑒𝑎𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝑡ℎ𝑒 ℎ𝑜𝑡 𝑠𝑖𝑑𝑒
=
𝑊
𝑄ℎ
 .           (1.2) 
In the TEG, the electrical current, I and power, W delivered to the external resistance, R are respectively  
𝐼 =
𝑆𝛥𝑇
𝑟+𝑅
, 𝑎𝑛𝑑    𝑊 = 𝐼2𝑅 =
𝑆2Δ𝑇𝑅
(𝑟+𝑅)2
  , where S=SA+SB=S.    (1.3) 
Following Ioffe,101 Qh absorbed by the hot side is given by 
𝑄ℎ = 𝜅Δ𝑇 + 𝑆 𝑇ℎ𝐼 −
𝐼2𝑟
2
,      (1.4) 
Where κ=κA+κB, and the normal thermal conduction (Fourier’s law) and Thomas effect are considered. 
The negative term corresponds to the Joule heating in the device, which offsets heat input.  
By defining 
𝑚 =
𝑅
𝑟
                                         (1.5) 
   Introduction 
17 
and using the expressions for I and W from Eq. 1.3 the efficiency can be derived as 
η =
𝑊
𝑄ℎ
=
Δ𝑇
𝑇ℎ
×
𝑚
𝑚+1
1+
𝜅𝑟(𝑚+1)
𝑆2𝑇ℎ
−
Δ𝑇
2𝑇ℎ(𝑚+1)
.                   (1.6) 
By defining  
𝑍 =
𝑆2
𝜅 𝑟
 = 
𝜎𝑆2
𝜆
,      (1.7) 
Where λ is thermal conductivity. So, Eq. 1.6 becomes 
η =
Δ𝑇
𝑇ℎ
×
𝑚
𝑚+1
1+
(𝑚+1)
𝑍𝑇ℎ
−
Δ𝑇
2𝑇ℎ(𝑚+1)
.     (1.8) 
As can be seen from this expression, the efficiency depends on the applied hot and cold temperature, Th 
and Tc, and also the parameters m and Z.  
Notably, here the load resistance, R is free variable to get an optimized efficiency. It can be deduced from 
Eq.1.3 that setting R=r yields the maximum output power for given temperature range. Similarly, the R 
value that yields maximum efficiency is found by maximizing Eq. 1.8 with respect to m to yield 
𝑅𝜂 𝑚𝑎𝑥 = 𝑟𝑚 = 𝑟√1 + 𝑍𝑇,     (1.9) 
where  𝑇 = (𝑇ℎ + 𝑇𝑐) 2⁄ , and the thermoelectric efficiency is 
𝜂𝑚𝑎𝑥 =
Δ𝑇
𝑇ℎ
×
√1+𝑍𝑇−1
√1+𝑍𝑇+
𝑇𝑐
𝑇ℎ
.                   (1.10) 
As a thermoelectric converter is nothing more than a heat engine using electrons and holes as the working 
mediums, it obeys the laws of thermodynamics. The maximum efficiency is thus the product of Carnot 
efficiency, which is less than unity and a factor that embodies the parameters of the materials. Although, 
in a real generator with a large temperature difference other methods and approximations are necessary to 
be used to calculate their performance.104 These material properties all appear together and thus form a 
new material property called figure of merit, 𝑍𝑇 =
𝜎𝑆2
𝜆
𝑇 . In particular, for materials which have low 
thermal conductivity (λ), such as polymers, Power factor, P=S2σ is usually used to evaluate their 
thermoelectric properties. 103 
Introduction 
18 
 
 
Figure 1.8 The efficiency comparison of thermoelectrics. The efficiency comparison of thermoelectrics and other 
energy-conversion technologies as a function of the heat-source temperature. The ZT values are assumed to be 
temperature independent. [Figure adapted from reference 105] 
High thermoelectric efficiency is hindered by a fact that the three material parameters consisting of the 
thermoelectric figure of merit suffer a strong trade-off relationship. After 60 years of efforts, tangible 
progress has been made on improving the thermoelectric efficiency by development of high-ZT materials 
and optimization of thermoelectric device design. However, it seems that the thermoelectric energy 
conversion will never be as efficient as steam engines, which means that the thermoelectrics will remain 
limited to applications in traditional power supplying systems, as shown in Fig. 1.8. The specific 
advantages of thermoelectrics are in the applications of distributed power generation and active spot-size 
heat managements.106 For instance, recently developed organic thermoelectric materials are earth-
abundant, easy-processing, flexible and light-weighted, showing great potential in context of portable 
power generators and refrigerators.96 
Thermoelectric materials 
Materials can be classified by their electrical conductivity. The electrical conductivity is a reflection of the 
charge carrier concentration and all three parameters which constitute the thermoelectric figure of merit, 
ZT are functions of carrier concentration. The dependency of the three parameter on charge carrier 
concentration are showed in Fig. 1.9. Usually, semiconductors intermediate electrical conductivity show 
good thermoelectric performance. To data, both inorganic and organic semiconductors have attracted 
considerable attentions in thermoelectric applications. 
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Figure 1.9 Schematic dependence of thermoelectric parameters on the concentration of charge carriers. 
Inorganic semiconductors are the traditional thermoelectric materials. Those alloys can be conveniently 
divided into three groupings according to the temperature range of employment (Fig. 1.10). Alloys consist 
of bismuth in combinations with antimony, tellurium and selenium are referred to as low-temperature 
materials and can be used up to 450K.  Materials based on lead telluride is the most competing 
thermoelectric material in the temperature regime up to around 850K. For higher temperature up to 
1300K, the employed thermoelectric materials are usually fabricated from silicon germanium alloys. Up to 
now inorganic materials are the best-performance thermoelectric materials. Several mechanisms, such as 
defect, size effects, critical phenomena, anharmonicity, and the spin degree of freedom are developed 
based on inorganic semiconductors, which are potential to decouple the otherwise adversely 
interdependent parameters (Seebeck coefficient, electrical and thermal conductivity) toward higher 
material performance. However, these inorganic materials have intrinsic disadvantages, such as the use of 
low-abundance and/or heavy elements, the difficulty of processing because of their brittleness, and 
toxicity issues.  
Organic semiconductors, including carbon nanotubes are very attractive to exploit next-generation 
thermoelectric material by virtue of lightweight, facile processability, low-cost, and environmentally-
benign characteristics. Specifically, conjugated polymers and coordination polymers are the two kinds of 
most widely investigated organic polymer in thermoelectric applications. Those polymers own 
intrinsically low thermal conductivity and variable electrical properties correlated to doping level and 
morphology. Fig. 1.11 shows the power factor, S2σ as function of conductivity, σ of a broad range of 
doped organic materials. An empirical relationship S2σ ∝ σ1/2 is found to be followed by most of the 
organic semiconductors and thus their thermoelectric performance is limited. Recent works show that Poly 
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(3,4-ethylene dioxythiophene) (PEDOT) and carbon nanotube based materials are promising system to 
defy this law.96 And reported power factor of such material have already been approaching to the best 
performance inorganic thermoelectric material, Bi2Te3. However, the dominant organic semiconductors 
studied for thermoelectric applications are p-type semiconducting polymers. Lack of n-type materials is 
one of the factors that hinders the development of flexible thermoelectric generators. 
 
Figure 1.10 Performance of established inorganic thermoelectric materials.  [Figure adapted from reference103] 
 
Figure 1.11 Performance of reported organic thermoelectric materials. The thermoelectric properties of a wide 
range of organic thermoelectric materials follow the same empirical trend. Power factor (S2σ) as functions of 
conductivity (σ) for a range of doped organic thermoelectric (OTE) polymers and composites, are compiled from 
data reported in the literature. The solid line indicates the empirical relationship S2σ ∝ σ ½. The plot includes poly 
(3,4-ethylene dioxythiophene) (PEDOT), polythiophenes, polyacetylenes (PA) and polyanilines (PANI), carbon 
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nanotube (CNT) composites and other organic molecules. For reference, the best room-temperature inorganic Bi2Te3 
compounds are also included. 
Design and fabrication of thermoelectric devices 
Traditional inorganic thermoelectric couples are made of two bulk legs arrayed in two dimensions over a 
ceramic substrate with patterned electrical contacts (Fig. 9a), 96 in which  the temperature gradient across 
the thermal legs in perpendicular to the substrate. This architecture is not well fitted to solution-processed 
materials, such as polymers and SWCNTs, which typically can be deposit on a substrate via low-cost 
processing methods forming nano- to micrometer-thick patterns. This requires the development of 
alternative device geometries to accommodate this processing restriction. Designs for heat transfer in the 
in-plane direction of the thermoelectric legs is most appropriate (Fig. 1.12b). Taking advantage of this 
device architecture, thousands of thermoelectric junctions can be easily printed using solution processable 
materials such as PEDOTs and carbon nanotubes by roll-to-roll, gravure and ink-jet printer. 
Meanwhile, the 2D structures can be transform into flexible and lightweight 3D structures ideal for 
wearable applications. Wearable electronics and sensors have been showing an explosive growth of on the 
market in recent years. Examples include preventive healthcare for elderly people with wearable medical sensors 
that monitor the wearer's physiological parameters. Usually, these medical sensors need to be preferentially 
wireless, and operational during the patient's daily activities for a long time up to many years without 
maintenance or the doctor's direct assistance. But most of the wearable devices are still powered by batteries that 
are subject to frequent recharging and replacement, so energy autonomy is necessary. Considering that low 
density electrical power supply can typically satisfy such application, one of ideal solutions is to utilize 
thermoelectric generator with flexibility, light-weight and also nontoxic characteristics. 
 
Figure 1.12 TEG architectures [Figure adapted from the reference96] 
Thermoelectric properties of SWCNTs 
Seebeck coefficient of SWCNTs vary as a function of the electronic type and diameter. According to the 
Cutler– Mott formula of the Seebeck effect, S is proportional to the energy derivative of the density of 
states. SWCNTs have high potential for realizing enhanced Seebeck coefficient because of the van Hove 
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singularities in the density of states. 107 Theoretically, semiconducting nanotubes have dramatic larger 
peak Seebeck coefficient than metallic carbon nanotubes, which is determined by the diameter-dependent 
electronic bandgap.108 A smaller diameters leads to a larger peak Seebeck coefficient values of 
semiconducting nanotubes up to 2000µV/K.109  
Electrical properties of a network of SWCNTs depends on the resistance of individual nanotubes and on 
the contact resistance at the nanotube-nanotube junctions, with the latter being the major contribution. 
110111 Individual SWCNTs show superior electrical conductivity. An important aspect of 1D system 
behavior is that charge transport along nanotubes is ballistic in nature. In this case, the relation between 
current I and voltage U for the 1D case is given as I=(2e2/h)U, where e is Euler's number and h is Planck's 
constant Assuming no scattering and perfect contacts, the resistance of SWCNTs is approximately 
6.5KΩ.112 This 1D quantum behavior has been observed in metallic SWCNTs. Charge transport in 
semiconducting nanotubes are complicated, and appears to be diffusive rather than ballistic.113 But, 
experimental evidences prove extremely high charge mobilities in semiconducting SWCNTs.114 Despite 
the high electrical conductivity of individual nanotubes, for bulk carbon nanotube networks, such as films 
or mats, the electrical conductance is dominated by the tunneling transport in nanotube-nanotube 
junctions. The network resistance can be affected by the electronic type enrichment, doping level, length 
and diameter distribution as well as alignment of the constituent nanotubes.110  
Thermal properties of bulk SWCNT films are also strongly affected by the presence of nanotube-nanotube 
junctions. Theoretically, individual SWCNTs show the highest thermal conductivity of all known 
materials, reaching ~6600W m-1K-1 for (10, 10) nanotube. Large thermal conductivities (κ > 
1,000Wm−1K−1) have been observed for individual SWCNTs, which is adverse to the thermoelectric 
applications. However, thermal transport in a randomly-oriented network is hindered by nanotube–
nanotube junctions and much lower values (κ < 35Wm−1K−1) were measured for mats of nanotubes, ropes 
or bundles.108 
SWCNT based thermoelectric materials 
To date, many scalable methods, such as chemical vapor deposition, arc-discharge and high pressure 
carbon monoxide method have been developed that produce SWCNTs. Depend on production methods, 
the as-prepared SWCNTs have different diameter and length distributions, but they are always mixtures 
usually consisting of ~1/3 metallic and ~2/3 semiconducting nanotubes. The ZT values reported for as-
prepared SWCNTs have remained in the range of 10−3 to 10−4, mainly due to the relative low Seebeck 
coefficient (~30µV/K) caused by metallic nanotubes. But as-prepared SWCNTs with superior electrical 
properties, chemical stability and flexible processing methods are perhaps the most widely used 
conductive fillers inside other thermoelectric materials, 115,116,117 which have recently contributed to 
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record-high performances for various parent materials, ranging from nonconductive118 and conductive 
polymers119 to alloys (ZT~2.6)120. Very recently, a reticulate carbon nanotube architecture was also 
reported to show σ up to 3000 S/cm and P =1500µW/mK2. 119 It is found that electron conductivity of 
SWCNT networks is dominated by the nanotube-nanotube junctions111, tunable by the length121, 
alignment61 and doping level122 of SWCNTs. 
Recently, this material undergoes a rediscovery in the field of thermoelectric applications with several 
exciting advances.4 Benefiting from the development of semiconducting/metallic SWCNT separating 
technology, films made of almost exclusively semiconducting (sc-) SWCNTs were characterised,108,123,124 
which exhibit S hundreds of times higher than that of the pristine SWCNTs(more than 1000µV/K), and an 
optimized power factor of 340µW/mK2. 108 The giant S values is attributed to the one dimensionality of the 
nanotubes and to the presence of large band gaps of the small-diameter sc-SWNTs.109,125 Notably, sc-
SWCNTs can accommodate large charge carrier densities – affording exceptionally high electrical 
conductivities even in randomly- oriented sc-SWCNT networks – while maintaining a reasonably large S 
even at high doping levels.108 On the other hand, thermal transport in a randomly-oriented network is 
hindered by nanotube–nanotube junctions and can be further reduced by charge-carrier doping. Based on 
those inspiring insights, it is foreseeable that fine controls of those parameters would lead to extraordinary 
S and σ, making sc-SWCNT one of the most promising flexible TE materials (Fig. 1.13). 
sc-SWCNTs have nearly equivalent electron and hole effective masses (ca. 0.3–0.5 me),16 allowing for a 
single organic material to be employed in the generation of both n-type and p-type TE legs with high 
power factors.  Doping is a key method to fully realize the high potential of SWCNT as p- and n-type 
thermoelectric materials, since it determines type, concentration and mobility of charge carriers. It has 
been quite some time that people try to develop stable and efficient charge carrier doping schemes for 
SWCNTs. In general, charge-transfer absorption of molecules/polymer and heteroatom implantation are 
two feasible doping approaches. Several of agents have been developed to dope the SWCNTs by 
absorbing on the nanotube-walls. Meerwein’s salt108  and concentrated acid treatment124 have been 
reported for p-type doping of carbon nanotubes. However, carbon nanotubes show p-type characteristics 
in air due to the surface physisorbed O2 and H2O molecules, and their stable n-type doping is more 
challenging.2 Alkali metals and their compounds,126,127,128 nitrogen/phosphine containing molecules / 
polymers119,127,129,130 and ionic liquids123 are employed as electron donators. Commonly, those bulky 
dopant molecules encounter a problem that they are present between nanotubes at junctions and hinder the 
charge transport, resulting in unsatisfactory electrical conductivity124,129,130. Although sophisticated 
technologies have been developed for solving this problem, for instance, encapsulating dopant molecules 
inside the nanotubes, it is difficult to apply them in large scale119,131. Besides, air and thermal 
stability(above 200 °C)  of the molecular dopants also need to be considered 4,128 . In this case, implanting 
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heteroatoms into the SWCNT lattice, such as B, N and S shows own merit. It is expected that those atomic 
dopants can render SWCNT permanently with n-type or p-type characteristics, and thus the nanotubes 
have a broader operating range.42 Foreseeably, the doped nanotubes could be combined with inorganic 
nanostructures or conducting polymers to design hybrid nanocomposites, or to be prepared as inks for 
printed electronics, a low-cost manufacturing method to replicate the hundreds of thermocouples required 
in a TEGs.4,118 Meanwhile, covalent functionalization may also provide a feasible doping strategy for 
SWCNTs. 
 
Figure 1.13 SWCNT based flexible thermoelectric materials. 
1.6 SWCNTs in polymer based conducting composites 
Carbon nanotubes are excellent fillers for polymer matrix due to exceptional mechanical, thermal, 
electrical properties and aspect ratio. Various technical applications of polymers normally require specific 
levels of conductivity. For instance, to protect circuits against electromagnetic interference as well as to 
prevent the emission of interfering radiation a high level of electrical conductivity is demanded. 
Therefore, efforts have been devoted to incorporate CNT in polymer matrices to customize electrical 
conductivity suitable for applications. The polymer-nanotube systems have vast industrial applications 
such as energy storage devices, electronics, sporting goods, automotive, filters, sensors, etc.132 Nowadays, 
mostly blossomed fields of CNT/polymer applications include field emitting arrays, thermoelectrics, solar 
cells, and in aerospace field as conducting paints, anti-radar and antistatic protectors. 132 
 
The electrical performance of SWCNTs in the composite can be of paramount use if their electronic and 
chemical structures can be tuned. Despite the type of polymer, CNT type (single/double/multi wall), 
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synthesis method (arc discharge, chemical vapor deposition and laser vaporization), additional treatment 
(purification, functionalization) and aspect ratio of the CNT are important, referring to the minimum 
percolation thresholds and maximum conductivities of the composites.5 It has been reported that 
preparation of the composites using doped SWCNTs with different dopant and amount is one efficient 
way to obtain suprior electrical properties.133  
 
Another issue needed to be considered is that the efficiency of carbon nanotubes to fulfill these tasks 
depends on dispersability within the matrix materials.132 Achieving a homogeneous distribution is 
prevented because of the existence of synthesis induced tangled intertwined aggregates and due to high 
van der Waals interaction between the nanotubes. To date, various routes have been adopted to optimize 
the dispersing of carbon nanotubes in polymers, and several methods were devised, but mainly used 
methods with commercial viability are solution mixing, melt processing and in situ polymerization.5 
Solution mixing is the simplest and most widely used method for processing polymer–nanotube 
composites in which the nanotubes and polymer are mixed in a selected solvent which is evaporated in a 
controlled condition after forming composite films on the surface of a substrate. A large range of polymers 
like polystyrene has been processed with this method. Solution mixing approach has limited use when 
polymers are bad soluble in solvents. To overcome this problem an alternative method melt processing is 
used which usually deals with thermoplastic polymers. During melt mixing procedure, which is the 
preferred method of composite formation in industrial applications of polymer–nanotube systems, the 
tendency of CNT to form aggregates can be efficiently decreased by appropriate application of shear.5 
Lastly, in situ polymerization method deals with CNT dispersion into the monomer of matrix materials in 
the presence or absence of solvent which is followed by standard methods of polymerization. In this 
technique, the starting materials are monomers rather than polymers. The main advantage of this 
technique is that it enables the grafting of polymer molecules on nanotube surfaces, which leads to good 
dispersion and better strong interactions between nanotubes and polymeric matrix. This technique usually 
deals with the polymers which are insoluble and thermally unstable andwhich cannot be processed by 
solution mixing and melts processing, such as polyethylene and polypyrrole. 5 
1.7 Objectives of this study  
Flexible thermoelectric devices are desired in many applications, especially in wearable electronics and sensors 
which are preferentially wireless and operational in long-term without frequent recharging and maintenance. 
However, traditional thermoelectric materials are toxic, structurally rigid and expensive. SWCNTs having 
extraordinary electrical properties and chemical stabilities are one of the promising material to fulfill the task of 
fabricating such flexible and wearable thermoelectric devices, although the thermoelectric performance of 
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pristine SWCNTs is unsatisfactory. For the purpose of improving their thermoelectric performance, the 
Seebeck coefficient (S) and/or electrical conductivity (σ) need to be enhanced without increasing the thermal 
conductivity (κ).  Enrichment of semiconducting carbon nanotubes in bulk pristine SWCNTs are one way to 
significantly enhance the S value and thus their thermoelectric performance. Chemical doping is another 
approach to tune electronic structure and charge carrier concentration of SWCNTs and to optimize the 
thermoelectric properties. Meanwhile, n-type doping is the crucial step to produce SWCNT with n-type 
electrical transport character, which is required for thermoelectric devices. The purpose of this study can be 
subdivided into the following four parts:  
1. Developing scalable p-/n- type doping strategy based on affordable SWCNTs in attempt to 
prepared high-performance p-/n-type carbon nanotubes for subsequent application in flexible 
thermoelectric devices. 
 
2. Enhancement of thermoelectric effect in SWCNT films via separation of high-purity 
semiconducting SWCNTs. 
 
3. p-/n-type doping of semiconducting carbon nanotubes by plasma exposing in order to explore 
their thermoelectric properties and the ambient effects  
 
4. Demonstration of enhanced thermoelectric performance of tailored SWCNTs by utilizing doped 
SWCNTs in flexible thermoelectric devices, and conducting composites based on thermoplastic 
polymers. 
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Chapter 2 Experimental  
2.1. Materials  
All the materials used in the present work are listed in the following tables, together with the information 
from the supplier. 
Table 2.1 Materials for boron and nitrogen doping of pristine SWCNTs 
Material Information from Supplier 
SWCNTs OCSiAl company (Tuball, Lot-Nr.47-14112014) 
Boric anhydride (B2O3) 
Sigma-Aldrich 
Acetone  
68% nitric acid 
99% nitric acid 
CO(NH₂)₂ Assay: 37.4%, VWR 
 
Table 2.2 Materials for electronic type separation of SWCNTs 
Material Information from Supplier 
Sodium dodecyl sulfate (SDS) 85%,  Merck  
Arc discharge SWCNTs Sigma-Aldrich 
Arc discharge SWCNTs S2, Carbon solution  
HCl 
Sigma-Aldrich 
NaOH 
Iodixanol (OptiPrep™) 
Sodium deoxycholate (DOC) 
Sodium dodecylbenzenesulfonate (SDBS) 
Triton X-100 
Sodium cholate (SC) 
Sephacryl S-200 
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Table 2.3 Materials for n-type doping SWCNTs with ordinary salt and crown ether 
Material Information from Supplier 
Methanol ( CH3OH ) 
Sigma-Aldrich 
potassium hydroxide (NaOH) 
Benzo-18-crown-6 ether  
Sodium borohydride (NaBH4) 
 
Table 2.4 Materials for the preparation of SWCNT thin films, thermoelectric device and conducting 
composites 
Material Information from Supplier 
Polycarbonate filter membranes 
Nuclepore track-etched hydrophilic membranes, pore size 
80nm 
N-Methylpyrrolidon (NMP) Sigma-Aldrich 
Glass slides ROTH 
polyimide films Kapton, DuPont USA 
Polyethylene Moplen HP400R (LyondellBasell) 
 
2.2. Protocols 
2.2.1. Boron doping of SWCNTs via high temperature substitutional reaction 
Tuball SWCNT powders were mechanically mixed with B2O3 inside graphite crucibles at a weight ratio of 
1:5, and were heated in argon atmosphere with rate of 10 °C/min up to the aimed temperature (1150, 1200, 
1250, 1300, 1350 oC) and maintained for 2 hours. The annealing process have been performed by Mr. 
Uwe Gutsche from institute for materials science, TU Dresden. The prepared SWCNTs were boiled and 
filtered three times inside excessive amount of deionized water to remove the unreacted boron oxide 
which is well-soluble in water and afterwards dried by using a freeze dryer (Alpha 1-4 LSC plus) 
2.2.2. Nitrogen doping of SWCNTs via hydrothermal reaction 
Pristine Tuball SWCNTs are oxidized by highly concentrated nitric acid (68% and 99%). Different 
treatment durations have been tested in a range from 3 to 50 h, with an aim to efficiently introduce active 
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sites on the tube wall for the following hydrothermal reaction. 2g of Pristine SWCNTs (TUBALL, Lot-Nr. 
47-14112014) were dispersed in 200mL of nitric acid in a 500 mL round bottom flask with a condenser on 
top of it. The dispersion were refluxing at 120oC for 3 and 11 hours for 68% HNO3 and 50 hours for 99% 
HNO3 respectively. After 50h of harsh acid treatment, the obtained activated SWCNTs were mixed with 
(NH4)2CO3 by a mass ratio of 1:50 or 1:100 in the distilled water respectively, and then heated in a 45mL 
autoclave at 140 oC for 10 hours. The nitrogen doped SWCNTs are washed with excessive distilled water 
until the PH reaching 7 and then dried by freeze drying. 
2.2.3. Electronic type separation of SWCNTs via gel chromatography 
This research is focused on the separation of SWCNT with large diameter and narrow diameter 
distribution. SWCNTs are purchased from two companies, Sigma-Aldrich and Carbon Solutions. Both 
SWCNTs are synthesized by arc discharge methods, with dimeter around 1.5nm which is confirmed by 
VU-Vis spectra and Raman spectra. Although sources of SWCNTs are different, they showed consistent 
separation behavior in our experiments. If not specified, the SWCNTs used in the following parts should 
be Sigma Aldrich type. 
 
Figure 2.1 Process of electronic type separation of SWCNTs. 
SWCNT powders are dispersed in water with the help of surfactants and a 1/2 inch tip type ultrasonic 
homogenizer (Branson, Sonifier 250D, 20% output power). 0.5mg/mL of SWCNTs powders are added to 
1wt% of SDS aqueous solution and the solution is sonicated for 3 hours. During the sonication an ice bath 
is used to avoid the overheating. 1mL of dispersion is collected every 30 minutes and is measured by UV-
Vis spectrophotometer in order to evaluate the quality of the SWCNT dispersion and to optimize the 
sonication duration. In the next step, the surfactant system is extended in order to get high quality SWCNT 
dispersions that are suitable for electronic type separation. By fixing sonication duration to 40min, SDS is 
replaced by four kinds of surfactants, including SC, DOC, SDBS and Triton, and all the other parameters 
remain unchanged. The solution was then ultracentrifuged, (Beckman Coulter-Optima Max) at 268,000 g 
for 1 h to remove impurities and large bundles using a Swinging-Bucket Rotor (Beckman, MLS-50). The 
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upper 80% of the supernatant was collected and was used for the separation in two different approaches. 
In the first approach, the 2nd ultracentrifugation with density gradient is further applied to get dispersion 
containing most isolated SWCNTs. 1mL of the supernatant collected from the 1st ultracentrifugation is put 
in centrifuge tubes and 4mL iodixnanol aqueous solutions injected beneath it using a disposable syringe. 
Four different concentration of the iodixanol (15, 20, 25, 30, 35 w/v) are tested to get better result of 
separation. In the second approach, the supernatant collected from the 1st ultracentrifuge are directly used 
for the chromatography separation, but the separation is iterated for two times in order to get 
semiconducting nanotubes with high purity. After 1st separation, the sc-SWCNT enriched part are 
collected and are ultra-centrifuged for 10 h until all SWCNTs are settled down. The sediments is collected 
and dispersed again in 1wt% solution of the selected surfactant and used for the second separation.   
A column is prepared by loading a 25 mm diameter glass chromatography column with a Sephacryl-200 
gel until the gel column is roughly 15 cm high. The column is flushed with a 1wt. %SDS solution for 
several times. 1.5mL of the SWCNT solution is then added to the column and is allowed to pass through 
the column using gravity. Once the solution is fully penetrated into the column, more 1wt. % SDS solution 
(total of ca. 100 mL) is added and is continually added until all of the CNTs (now separated) pass through 
the column. Typical elution times are 40 min for the metallic fraction and 55 min for the semiconducting 
fraction. Fractions of the solution are collected separately in small glass vials and characterized using a 
UV-vis NIR absorption spectrometer. 
pH value of the column is tuned during the separation, being monitored by a pH meter (VWR, PH 100). 
The pH are tuned to the target value by HCl and NaOH, Then, the obtain SDS solution is used to flash the 
gel filled chromatography column until the PH value of solution passed through the gel is stable. 
2.2.4. Thin film sample preparation 
 
 
Figure 2.2 Major steps of SWCNT films preparation by vacuum filtration. 
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Films of the nanotubes in hundreds of nanometers in thickness were prepared on glass substrate in order to 
do the Raman and thermoelectric measurements. 1 wt.% of either pristine or boron doped tuball SWCNTs 
were dispersed in 0.1wt% of sodium cholate water solution with the help of a tip sonicator (Branson 
Ultrasonics Sonifier™ S-250D) at 40% power for 1 h, followed by ultra-speed centrifugation (268,240g 
for 30min, Beckman Coulter-Optima Max) to remove precipitations. The dispersion was filtered through 
polycarbonate filter membrane and then the filter with SWCNT films on its top was covered upside down 
on glass substrate. After drying in air at 80°C and by dissolving the membrane with N-Methyl-2-
pyrrolidon (≥99%, Sigma-Aldrich), SWCNT films on glass substrates were obtained. The thickness of the 
film was controlled by tuning the volume and concentration of filtrated SWCNT dispersion. The films 
were annealed at 400°C in hydrogen atmosphere for 15 min to remove adsorbed water and reducible 
functional groups from the surface of doped SWCNTs.  The same protocol have also been applied for the 
deposition of films using the solution containing pristine and semiconducting arc discharged SWCNTs.  
The thickness of the prepared films is measured with a confocal microscope (Leica DCM 3D) and/or by 
measuring their cross section in SEM images. 
2.1.5. Dry functionalization and doping of SWCNT via plasma exposing. 
Thin film made of pristine and semiconducting SWCNTs are p- or n-typed by exposing the samples to 
oxygen or ammonia plasma. 
For oxygen plasma treatments, the samples are exposed in the plasma using a plasma cleaner (Harrick, 
Ithaca, NY, USA) for 0-60 sec with a pressure of approximate 0.2 mbar. 
For ammonia plasma treatments a computer controlled MicroSys apparatus (Roth&Rau, Wüstenbrand, 
Germany) was used. The cylindrical vacuum chamber, made of stainless steel, has a diameter of 350 mm 
and a height of 350 mm. The base pressure obtained with a turbomolecular pump is <10-7 mbar. On the 
top of the chamber a 2.46 GHz electron cyclotron resonance plasma source RR160 by Roth&Rau with a 
diameter of 160 mm and a maximum power of 800 W is mounted. Ammonia (99.99%, Air Liquide, 
Krefeld, Germany) is introduced into the active volume of the plasma source via a gas flow control 
system. When the plasma source is on, the pressure is measured by a capacitive vacuum gauge. The 
samples are introduced by a load-lock-system and placed on a grounded holder near the center of the 
chamber. The distance between the sample and the excitation volume of the plasma source is about 
200 mm. For this work, the following parameters were used: ammonia gas flow 15 sccm, pressure 7×10-3 
mbar and power 200, 400 and 800 W, treatment times from 80 s to 900 s. The ammonia plasma treatment 
has been performed by Dr. Mirko Nitschke from IPF, Dresden. 
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2.2.5. n-type doping of SWCNTs with ordinary salt and crown ether  
 
Figure 2.3 Schematic presentation of n-type doping of SWCNTs with molecular dopants. 
Sodium borohydride (NaBH4) and a combination of Benzo-18-crown-6 ether and potassium hydroxide 
dissolved in methanol are used to perform the n-type doping of SWCNT films. 0.1M NaBH4 are dissolved 
in methanol. The crown ether solution was prepared by dissolving 0.1M benzo-18-crown-6 and 0.1M 
KOH IN 1 mL of methanol. SWCNTs films deposited on glass slides are immersed in the prepared 
solutions for 1 h and then the samples are dried overnight in air in a fume hood.   
2.2.6. Fabrication of flexible thermoelectric generator 
 
 
Figure 2.4 Configuration of mask, kapton substrate with sliver contacts for printable TEGs. 
For the preparation SWCNT solution for printing thermoelectric device, dried SWCNT powder (20 μg/ml 
) are sonicated in the N-Methyl-2-pyrrolidon (≥99%, Sigma-Aldrich), and a centrifuge with a higher 
throughput (80.000g for 20min, Heraeus Biofuge Stratos) was utilized to remove large agglomerates of 
SWCNTs. The polyimide substrates with proper size and shape were cleaned with isopropanol in an 
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ultrasonic bath (Bandelin) for 5 min and dried under compressed air flow. The silver paste, acting as 
contacts and interconnections between the SWCNTs, was printed first.   A drying step in air at 100 °C for 
10 min was performed in order to remove solvents followed by a curing step at 150 °C for 10 min. 
Afterwards, the strip was covered by a steel mask and put on a hot plate with temperature of 250°C, and 
then tens of layers of SWCNTs were sprayed by an airbrush pistol .The silver patterns here has been 
prepared by Mr. Moritz Greifzu from IWS, Dresden. 
2.2.7. Preparation of SWCNTs reinforced conducting composites 
A polypropylene (PP) homopolymer, Moplen HP400R (LyondellBasell), was used having a melt flow rate 
of 25 g/10 min at 230 oC and 2.16 kg. The PP granules were either used as received or milled using a 
Retzsch mill and only powder particles with sizes smaller than 1 mm achieved by sieving were used. The 
composite have been fabricated by Dr. Beate Krause and Ulrike Jentzsch-Hutschenreuter at IPF Dresden, 
Department Functional Nanocomposites and Blends headed by Dr. Petra Pötschke. 
2.3 Characterization methods  
2.3.1 SEM imaging 
Scanning electron microscopy was applied for characterization of the morphology and thickness of carbon 
nanotube films. FEI NOVA NANOSEM-200 and Phillips XL30 ESEM-FEG with an accelerating voltage 
of ∼ 15 kV were employed to fulfill the tasks. Low voltage (1-2 kV) was applied when electrical 
conductivity of SWCNT samples is poor.  
2.3.2 TEM imaging 
Transmission electron microscopy (TECNAI F30) was employed to characterize the high-resolution 
morphology and structure of CNTs. TEM samples were prepared by drop-casting CNT/ethanol dispersion 
on Cu meshes (S147-3), which were purchased from PLANO GmbH. The TEM measurement has been 
performed by Dr. Ignacio Gonzales from IFW, Dresden.  
2.3.3 UV-vis absorption spectroscopy 
Shimadzu UV Mini 1240 UV-Vis spectrophotometer is used to check the absorption spectra of SWCNTs 
in different solutions or of SWCNT films deposited on glass substrates. Corresponding solutions or bare 
glass substrates are used to do the baseline correction. 
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2.3.4 Raman scattering 
The Raman spectra were recorded at room temperature using a Thermo Scientific DXR Smart Raman 
Spectrometer with laser excitation wave-lengths k = 532, 633, and 780 nm (2.34, 1.96, and 1.59 eV, 
respectively). The Raman measurements have been performed by Dr. Vyacheslav Khavrus from IFW, 
Dresden. 
2.3.5 X-ray photoelectron spectroscopy (XPS) 
Bonding configuration of B and N doped Tuball SWCNTs were characterized with XPS (PHI 5600 
spectrometer, equipped with Al monochromatic X-ray at a power of 350 W) performed by Dr. S. Oswald 
from IFW, Dresden. 
 For thin film samples doped by plasma treatment, a XPS spectrometer with lower resolution but shorter 
detecting time is employed in order to get quick result in real time. (Measurements performed by Dr. 
Mirko Nitschke from Leibniz-IPF, Dresden). The XPS measurements were carried out using an Amicus 
spectrometer (Kratos Analytical, Manchester, UK) equipped with a non-monochromatic Mg K X-ray 
source operated at 240 W and 8 kV. The kinetic energy of the photoelectrons was determined using an 
analyzer with a pass energy of 75 eV. The take-off angle between sample’s surface normal and the 
electronoptical axis of the spectrometer was 0°. In this case, the information depth is about 8 nm. A 
satellite subtraction procedure was applied. Quantitative elemental compositions were determined from 
peak areas using experimentally determined sensitivity factors and the spectrometer transmission function 
(typical accuracy ±1 at%). 
2.3.6 Electrical measurements 
Electrical characterization for thin film samples made of various SWCNTs is performed on a commercial 
setup (SRX, Fraunhofer IPM). The setup is able to measure up to 1180 K in air, low pressure or inert gas 
atmosphere. All measurements were performed as stated in air or nitrogen. Electrical conductivity was 
measured by a 4-Point-Probe configuration. The applied current was kept below 10 mA in order to 
minimize joule heating effects. Seebeck coefficient measurements were carried out with temperature 
gradients of ca. 3 K. The sample was placed on two heaters. To set up a temperature gradient one heater 
was activated while the other acted as the cold side. Temperature and voltage were measured by two 
thermocouples. Subsequently the triggering of the heaters was reversed so that the Seebeck coefficient 
was measured again. To ensure proper contact U-I-curves were tracked and showed linear behavior.  
   Experimental 
35 
Electrical conductivity and Seebeck coefficient of SWCNT reinforced polymer based conducting 
composites is performed by using self-constructed equipment at Leibniz-IPF, Dresden. The measurements 
were performed at 40°C, 60°C, 80°C and 100°C with temperature differences between copper electrodes 
up to 7 K. The strip samples (0.5mm thickness) with the size of ca. 3x20 mm2 were painted with 
conductive silver at the ends. The resistivity was measured as 4-point-measurement. The measurement of 
voltage and resistance was performed using the Keithley multimeter DMM2001. The values given in 
Table 8.1 represent mean values of 3 measurements. The electrical measurements on electrical properties 
of SWCNT based composites have been performed by the group headed by Dr. Petra Pötschke from 
Leibniz-IPF, Dresden. 
    
Figure 2.5 Photopictures and schematic configuration of the self-constructed apparatus for the evaluation of 
the efficiency of flexible TEGs 
Performance of the flexible thermoelectric generator are evaluated in a homemade setup as shown in Fig. 
2.6. The multimeter employed here is Keithley 2700 multimeter. And the Temperature across the thermal 
elements are measure by hand-held infrared thermometer. 
2.3.7 Density functional theory calculations 
Effects of boron doping on the thermoelectric properties of the SWCNTs are simulated. Fermi level 
energy, S and conductance of individual SWCNT as functions of substitutional boron content were 
calculated based on the density functional theory tight-binding approach (DFTB) and the Green’s function 
formalism, as implemented in DFTB+. 134 Carbon nanotubes used in the simulation were (8,4)-CNTs made 
of 5040 atoms (45 repeated unit cells), with a total length of approximately 55 nm. In pristine, they are 
semiconducting with an energy gap of about 0.86 eV. Boron doping was modelled by random substituting 
carbon atoms with boron atoms. After the substitution, no geometry optimization was performed due to its 
high computational cost. The doping concentration is in this case given by the ratio of boron atoms to 
carbon atoms of the full nanotube. Since the electron transmission is sensitive to the specific site of the 
substitutional atoms, all results were averaged over 20 equivalent replicas with randomly placed boron 
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substitutes. The source and drain electrodes are set as semi-infinite pristine (8,4)-CNT to avoid any 
spurious contact effects. The system temperature enters the calculation in the distribution functions and 
was set to 300 K. The bias voltage under consideration was -0.5 V to mimic the experiments. This part of 
work has been performed by Mr. Thomas Lehmann from Chair of materials science and nanotechnology, 
TU Dresden. 
 
Figure 2.6 Configuration of SWCNT junction build for Density functional theory (DFT) calculation.  
Effects of boron doping on the tunneling in CNT-CNT junctions are also simulated. For the calculation of 
I-V characteristics and density of states (DOS) at the junctions of two laterally contacted CNTs, the 
contact length was set to 40 Å, and CNT–CNT distance was initially set 3.5Å and molecular dynamics 
simulations with Gromacs135 was optimised to get the geometry. This part of work have been performed 
with help of Hong-Liu Yang from Chair of material science and nanotechnology, TU Dresden. 
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Chapter 3 Scalable p-type doping for p-SWCNTs  
Heteroatom doping is one of the potential ways to tune the electronic structure of the nanotubes and to 
fully realize their potential of high thermoelectric performance. The presented here combined 
experimental and theoretical work demonstrates that boron atomic doping is an efficient way to 
simultaneously improve Seebeck coefficient (S) and electrical conductivity (σ) of SWCNT networks, 
which are critical components of efficient thermoelectric energy harvesting devices.  
Grams of doped nanotubes were synthesized via treatment of pristine SWCNTs in molten B2O3 and tested 
as thin films. SEM and TEM images show that parts of the SWCNTs are damaged under the highest 
applied temperature (1350oC), and doped material possesses B2O3 and B4C impurities, which can be 
efficiently removed by following centrifugation process. Elemental analysis and Raman measurements 
show that a few tenths of at.% of substitutional boron atoms are efficiently implanted inside the lattice of 
the nanotubes in a narrow temperature range from 1200 to 1250oC. This leads to an increased 
thermoelectric power factor up to 255μWm-1K-2 by a factor of 2.5 for nanotubes produced at 1300oC 
compared to the pristine tubes. This value is larger than previously observed one in SWCNT-polymer 
hybrids.  
First-principle calculation indicates that substitutional boron atoms inside SWCNT walls tunes Fermi level 
of individual nanotubes and improves the weak electrical transport through metallic /semiconducting 
nanotube junction, resulting in SWCNT films with simultaneously increased Seebeck coefficient and 
electrical conductivity - two factors that are both positively correlated with the thermoelectric efficiency 
but usually suffer from a strong trade-off relationship. This work provides a facile production strategy and 
meaningful insights for boron-doped SWCNTs suitable for thermoelectric applications. 
3.1. Morphologic characterization  
SEM images of the as-synthesized B-SWCNTs and the prepared thin film samples are shown in Fig. 14. 
Due to strong Van der Waals interaction, the as-prepared SWCNTs form bundles and tangled structures. 
High magnification images indicate intact and similar nanotube structures in the samples doped at 
temperatures up to 1300oC. When the doping temperature is increased to 1350 oC, it is observed that part 
of the tangled structures are destroyed and some of the nanotubes are shortened, indicating aggressive 
oxidation for the SWCNTs happened under the highest applied temperature. Amount of cluster-like 
structures with size in micrometers randomly distributed on the surface of the all SWCNT samples 
(typically observed in Fig. 3.1), which is considered to be the unreacted B2O3 that was not possible to 
thoroughly remove by the washing step. Particularly, considerable amounts of well crystallized particles in 
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size of several micrometers are found to be tightly bound with the SWCNT aggregates. These particles are 
assigned to the B4C crystals that are generated under high temperature based on the XPS analysis. Both 
the B2O3 and B4C impurity can reduce the electrical conducting of the SWCNT films, therefore they were 
removed by a centrifugation process before film preparation. As can be seen in Fig.3.1, the doped carbon 
nanotubes inside the prepared films are not contaminated with particles, forming bundles and unobstructed 
conductive paths. 
 
 
 
Figure 3.1 SEM images of as-prepared B-SWCNT in form of bundles and B-SWCNT films for thermoelectric 
measurements. B-SWCNT bundles prepared at a) 1150, b) 1200, c) 1250, d) 1300, and e) 1350oC. f) Films made of 
B-SWCNTs prepared at 1300oC. 
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Figure 3.2 High resolution TEM images of SWCNTs. a) As prepared SWCNTs b) SWCNTs doped by boron at 
1350 oC. 
Effects of the doping process on the tubular structure of the SWCNTs are investigated by using high 
resolution TEM, shown in Fig.3.2. Large amounts of SWCNTs in forms of small bundles are observed 
under TEM for all prepared samples. The pristine SWCNTs show quite large diameters around 2nm with 
unsmooth surfaces, probably loaded with amorphous carbons or nano-sized crystalized carbons which 
emerge from the production process. Those carbonaceous structure stay on the nanotube wall after the 
high temperature doping process. The TEM images also indicate that the nanotubes are partially destroyed 
at the highest doping temperature (1350oC), although most of tubular structures are intact. 
3.2. Elemental and structural characterization  
XPS measurements are utilized to track chemical changes of the doped SWCNTs. As illustrated in Fig.3.3, 
a peak of small traces of B2O3 residues (193.1 eV) 136 and an obvious B4C peak at around 187.5 eV137 are 
observed for all the samples after the reaction. The B4C comes from the reaction between B2O3 and 
carbonaceous impurities (<10 wt.%) which would be more reactive than the nanotubes under high 
temperature. Both of them are efficiently removed by a centrifugation process before film preparation, as 
shown in the SEM measurements. (See Fig.3.1f) 
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A narrow temperature window for substitutional reaction is found at a range from 1200 to 1350 oC. Nearly 
no boron has detect at the samples prepared at low temperature. Starting from 1250oC, parts of carbon 
atoms in the nanotube walls are also oxidized by B2O3, and escape as CO molecules. Then the vacancies 
left by these carbon atoms are filled with the remaining boron or oxygen, forming BxCOy nanodomains.138 
In the current case, the products are BC3 (189.6 eV)137, BC2O (191.2eV)136 and BCO2 (192.3eV)136. 
Among them, the substitutional boron atoms (in form of BC3) are predicted to be electron acceptors139, 
and preferentially generated at 1300 °C, with the content up to 0.5at.% (Fig.3.3b). Further increasing the 
temperature to 1350°C causes both the total content of boron and content of BC3 reduced. This is because 
several competing processes might dominate the reaction under different temperature.138  
 
The obtained result is consistent with the typical boron doping level that is reported by M.S. Dresselhaus 
et al. 42 and P. Ayala et al. 43, who declare that the saturation limit of boron in SWCNT lattice can be only 
as high as 3 at.% in total, and the content of each type of boron is less than 1 at%. This low concentration 
of BC3 in SWCNTs is close to the detection limit of most of XPS analysis methods,42 Therefore, we 
applied further Raman and high temperature TE measurements to confirm the presentence of boron 
dopants for the samples prepared at 1250-1350 oC. 
 
 
Figure 3.3 a) Typical XPS spectrum of the B- SWCNTs produced at 1300 °C b) Content of different kinds of 
boron containing compounds produced at 1150-1350 °C. Inserted sketch illustrates configurations of the boron 
atoms in hexagonal carbon lattice. 
 
Raman scattering has been proved to serve as an efficient tool for investigating the changes of electronic 
structure in doped SWCNTs due to the resonant coupling of the laser excitation energy to the transition 
energies between the van Hove singularities in the density of state (DOS). 42 In Fig.3.4, radial breathing 
mode (RBM) peaks appear at the low frequency range of the spectrum. Their positions indicate that the 
diameter of the nanotubes in resonance is quite large (1.7nm).140 When the annealing temperature is below 
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1350°C, the RBM peaks show nearly the same shape and position as that of the pristine tubes, indicating 
that the boron doping does not disturb the structural intactness of any SWCNTs with specific diameter or 
electronic type.42 However, the relative intensity of the RBM peaks drops from around 0.1 to 0.06 at 
1350°C (Fig.3.4b), indicating a partial destruction of the tubular structure of the SWCNTs. The weak D 
band around 1350 cm-1 and low intensity ratio (ID/IG =0.05) prove high crystallinity of the pristine 
SWCNTs, with negligible amount of intrinsic defects. An obvious increasing of ID/IG at 1300°C is not 
surprising, since severe oxidation and boron incorporation start to generate disorder in the hexagonal 
lattice of the nanotubes. Moreover, G band of all samples split into two bands, the G-and the G+ band.42 
The G+ band of boron doped sample has an upshift of 4 to 8 cm−1 when compared with the pristine one. It 
can be related to a lowering of the Fermi level of the SWCNT, a clear evidence of substitutional boron 
doping. 141-143 
 
Figure 3.4 Raman analysis of pristine SWCNTs and doped SWCNTs prepared at 1250-1350 oC. a) Raman 
spectra of pristine SWCNTs and doped SWCNTs prepared at different temperatures b) Intensity ratio, IRBM/IG, ID/IG 
and G+ peak position of SWCNTs prepared under different conditions. The lines connecting the points are guides to 
the eyes. 
3.3. Thermoelectric measurements  
The thermoelectric properties of the SWCNT samples are shown in Fig.3.5. Here, the pristine SWCNTs 
show usually S value 26µV/K and quite high electrical conductivity, σ. Noticeably, both parameters are 
increased progressively as the boron content is increased, except the irregular behaviour for the doped 
nanotubes synthesized at 1350°C, as their tubular structure are partially destroyed. Finally, the value of S 
is slightly increased to 31µV/K, and σ is increased by factor over 2, so that the power factor reaching 
255µW/mK2. This phenomenon stands in contrast to the doping effect on the most of homogenous 
semiconductors, for which S and σ suffer from a typical reverse relationship, due to high carrier 
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concentration are required for an enhanced electrical conductivity.144,145 Usually, this correlation is breaken 
only in heterogeneous materials, such as composites, due to the percolation of charge carriers through the 
interface of the two materials146 or strengthened molecular ordering147. Here, it is worth to explore this 
unusual decoupling behavior in the SWCNTs on their own to better understand the thermoelectric 
properties of SWCNT based materials. 
 
Figure 3.5 Thermoelectric measurements of SWCNT filmswith different content of boron. a) Seebeck 
coefficient, S conductivity, σ and power factor of SWCNTs with different content of boron atoms. The lines serve 
for guidance b) Comparison of the S data for the purified, pristine SWCNT film and the B- SWCNT one produced at 
1300°C. In both data sets the sample was held at 500K and 10-2-10-3 mbar vacuum. 
Moreover, the B-SWCNTs show more stable thermoelectric performance under high temperature. 
Applying vacuum to both B-SWCNTs and pristine SWCNTs at an elevated temperature leads to a 
significant change of their thermoelectric performance due to desorption of oxygen and other volatile 
species from surface of nanotubes. S value of B-SWCNT films during this process is decreased but being 
still positive (Fig.3.5b). In contrast, the sign of S of pristine SWCNTs has been changed to negative. This 
can be an advantage when using carbon nanotubes within thermoelectric composites in which high 
temperature and vacuum are employed during fabrication while a high hole carrier concentration is 
required120. Besides,  stable p-type behavior of B-SWCNTs indicates the presence of boron atoms which 
creats extra holes. 
Reported values of S, σ, and power factor observed in various doped/hybrid SWCNT films are 
summarized in Table 3.1. It has been found that most of the organic semiconductors, including SWCNTs 
with various doping roughly obey one empirical relationship between the power factor and σ :S2σ ∝ σ1/296. 
Although the S value reported in this chapter is restricted by a low content of sc-SWNTs in the raw 
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materials, we achieved an outstanding σ value and an increased power factor exceeding intensively 
investigated SWCNT hybrid films and same films made of sc-SWCNTs.  
Table 3.1 Reported electrical conductivity, Seebeck coefficient, S and power factor values of doped SWCNT 
films. 
Materials 
S 
(μV/K) 
σ 
(S/cm) 
S2σ 
(μW/mK) 
year 
Acid treated sc-SWCNT films148 80 180 110 2014 
PANI modified SWCNT films117 50 700 180 2014 
Conjugated polyelectrolyte  modified SWCNTs146 65 514 218 2015 
Organic salt doped sc-SWCNT films108 100 500 340 2016 
Organic salt doped sc-SWCNT films149 60 1900 700 2017 
B-SWCNT  films 31 2740 255 this work 
 
3.4 Simulation and interpretation  
In ordero understand dopant-induced changes of thermoelectric properties in SWCNT networks, we 
applied first-principles density functional theory tight-binding (DFTB) calculations, as implemented in 
DFTB+,134 combined with the Green’s function formalism we calculated electron transport characteristics 
of individual nanotube as well as junctions of two laterally contacting nanotubes. 
 
For the simulation corresponding to individual SWCNTs, self-consistent charge calculations were 
performed with an appropriate set of Slater-Koster parameters. The system is treated in the ballistic 
regime, neglecting phonon-phonon and electron-phonon interactions, but the high intrinsic mean free 
paths for electrons and phonons at room temperature in carbon systems validate this approximation. The 
electron transmission function 𝑇(𝐸) is obtained from the single-particle Green’s function 𝐺 and the level 
broadening matrix 𝛤𝐿/𝑅 of the electrodes. 
𝑇(𝐸) = 𝑇𝑟[𝛤𝐿𝐺𝛤𝑅𝐺
†],                                             (3.1) 
This result is used in a Landauer-type formula for the current-voltage characteristics for the source-drain 
voltage, V: 
𝐼(𝑉) =
2𝑒
ℎ
∫ 𝑇(𝐸)[𝑓(𝐸, 𝑇) − 𝑓(𝐸 + 𝑒𝑉, 𝑇)]𝑑𝐸.                        (3.2)            
By introducing the Onsager-coefficients 𝐿𝑛 
𝐿𝑛(𝑇) = ∫ (𝐸 − 𝐸𝐹)
𝑛 [−
𝑑𝑓(𝐸,𝑇)
𝑑𝐸
] 𝑇(𝐸)𝑑𝐸                           (3.3)       
we can evaluate the temperature-dependent S (or thermopower) as 
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𝑆(𝑇) = −
1
𝑒𝑇
𝐿1
𝐿0
   ,                                                (3.4)  
which is also known as the Cutler Mott formula. 
 
 
Figure 3.6 Calculated Fermi level energy, Seebeck coefficient and electron conductance of a (8,4) SWCNT at 
300K as a functions of substitutional boron content. 
Considering that the small S for metallic SWCNTs is negligible, the calculations were performed for 
semiconducting SWCNT with chiral indices of (8,4) only. The SWCNT used here has a smaller diameter 
than the SWCNTs used in the experiment, as large-diameter nanotubes have too many atoms to be 
calculated with current method. From those calculations, we obtained the Fermi level shifting, S and σ for 
representative SWCNT species, presented in Fig.3.6. A clear increase in S for doped SWCNTs by 
introducing electron holes at the substitution sites is observed. Fermi level is shifted towards the top of the 
valence band where van Hove singularity is located.108 Interestingly, the trend of S stagnates and reverses 
at quite low boron concentrations of 0.1%, dropping to nearly the value slightly larger than that of 
undoped tubes. Such dropping can be attributed to the increase in electron scattering at the quasi-bound 
states which act as scattering sites. The result indicates high sensitivity of S of the sc-SWCNTs to the 
substitutional boron atoms. This explains the former experimental results that the S of the films can be 
gradually improved by introducing the low amounts of BC3 (<0.5%), although no huge jump like here is 
observed, due to the high content of metallic SWCNTs. The simulations also indicate that the electron 
conductance of the individual SWCNT reduced by introducing the low amounts of scatterers. This is 
contradictory to the experimental results at the first glance, however, it is known that the sheet resistance 
of SWCNT network is defined by contact resistance at the nanotube-nanotube junctions rather than by the 
resistance of individual nanotubes.111 So the effect of doping on the electron transport characteristics of at 
the the nanotube-nanotube junctions must also be considered in order to understand the increase at σ in 
former thermoelectric measurements. The above calculation have been performed by Thomas Lehmann 
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from chair of materials science and nanotechnology. 
 
Figure 3.7 Configuration of SWCNT junction build for Density functional theory (DFT) calculation. 
The electron transport between the junctions consisting of two laterally contacted tubes was simulated 
using DFTB method combined with non-equilibrium Green’s function as realized in DFTB+ program. 
SWCNTs with similar diameter of the tubes used in the experiment and chiral indices of (7, 7) and (13, 0) 
are built, representing the metallic and semiconducting species, respectively. Three prototypical junctions, 
(metallic-metallic (M@M), semiconducting-semiconducting (S@S) and metallic-semiconducting (M@S) 
junction), doped by varying amount of boron atoms (0-3 at. %) are investigated to show the effect of 
doping. As can be seen in Fig.3.8a, all types of junctions show nearly identical resistance under forward 
bias, but under the reverse bias the M@S junction have qualitatively higher resistance than the other two 
junctions, which is attributed to a Schottky barrier associated with the mismatch of the Fermi level 
between sc-SWCNT and m-SWCNT111. For the reverse bias, the Schottky barrier is elevated 
(schematically shown in Fig.3.7), causing the resistance one order of magnitude higher than the other two 
cases. The M@S junction would be worse conductive if a reverse bias was just applied on. Considering 
that a large amount of M@S junctions is distributed in the network with random orientation, a revere 
voltage would be applied on parts of those M@S junctions and this will negatively affect the conductivity 
of SWCNT films. In this case, lack of conductive paths limits the electron conductivity of the SWCNT 
network. However, the resistance of M@S junction is greatly reduced by substituting a few tenths of at. % 
of carbon atoms with boron, reaching same level to that of the doped M@M and S@S junctions (Fig.3.8), 
because the difference between Fermi level of the two type of nanotubes is reduced. This can be also 
explained by the change of the DOS at the M@S junctions with doping. It is found out that additional 
states are created near the Fermi level after boron doping, and the effective band gap is narrowed, 
increasing the number of participating conduction channels. As the internanotube electron transmission is 
proportional to the DOS,122 the conductance of the nanotube-nanotube junction can be efficiently 
improved by boron doping, and thus more conducting paths are formed in the network of SWCNTs. 
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Figure 3.8 Simulation of electron tunneling through junctions of two parallel SWCNTs. a) Calculated I-V 
characteristics of three type of junctions consisting of two laterally contacted SWCNTs. The plots inside the reverse 
bias region were fitted to linear function to get the corresponding resistance. Inset is the expected band structure at 
M@S junction under different bias voltages, in which a depletion region forms at the semiconducting SWCNT due 
to the mismatch of Fermi levels. b) Dependence of contact resistance under reverse bias on boron dopant 
concentration. The DOS at M@S junction relative to the Fermi energy is also shown for SWCNTs without doping 
and with 3 at. % boron doping. 
3.5 Chapter summary 
We have investigated the thermoelectric performance of B-SWCNTs thin films. The B-SWCNTs were 
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prepared by annealing of SWCNTs in molten B2O3. Morphology of the prepared B-SWCNTs are 
investigated by SEM, TEM and their elemental composition are analyzed by XPS. SEM and TEM images 
show that parts of the SWCNTs are damaged under the highest applied temperature (1350oC). There exist 
B2O3 and B4C impurities which can be efficiently removed by following centrifugation process. Elemental 
analysis and Raman measurements show that a few tenths of at.% of substitutional boron atoms are 
efficiently implanted inside carbon lattice of the nanotubes in a narrow temperature range from 1200 to 
1250oC. 
Films made of the B-SWCNTs produced at 1300oC demonstrate simultaneously enhanced S and σ, 
resulting in the power factor of 255µW/mK2. The nanotubes show high thermal stability which could be 
used for future preparation of both organic and inorganic composites. The dependency of thermoelectric 
metrics on the boron concentration is calculated. It is found that substitutional boron atoms are very 
effective dopants for SWCNTs, and S value can be maximized by introducing only 0.1-0.2at. % of boron 
atoms. With such low concentration of heteroatoms inside the lattice, the scattering effect for the charge 
carriers can be ignored, so that electrical conductivity of individual SWCNTs is not significantly reduced. 
Moreover, the boron doping leads to a dramatic greatly decrease of contact resistance between metallic 
and semiconducting SWCNTs which contributes an increased electrical conductivity of percolating 
SWCNT networks. To check the thermoelectric performance of B-SWCNTs films, a flexible 
thermoelectric module was fabricated by ink printing as an example for producing efficient all-carbon 
thermoelectric generators. Our results demonstrate the advantages of using B-SWCNTs on thermoelectric 
application and physical insights behind it. Foreseeably, the doped SWCNTs could be mixed with different 
organic or inorganic materials to design high-ZT composites, or to be prepared as inks for printing or roll-
to-roll fabrications, low-cost manufacturing methods to replicate the hundreds of thermocouples required 
in a thermoelectric generator. Introducing new dopant atoms (e.g. N, S and P) and the type of SWCNTs 
(e.g. semiconducting enriched samples) might open new avenues for carbon based high-ZT materials. 
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Chapter 4 Scalable n-type doping of p-SWCNTs 
4.1 Introduction 
n-type doping of carbon nanotubes has been proven to be much more challenging in comparison to p-type 
doping, considering the possible oxidation of the commonly used organic dopants containing nitrogen or 
phosphorus. Exploring scalable n-type doping schemes with stable and easy-to-handle dopants would be 
greatly beneficial to the electronic application, especially the thermoelectric applications of SWCNTs.  
Doping with electron donating heteroatom is proposed to be a way to render n-type properties prominently 
to carbon nanotubes. Negative Seebeck coefficient and n-type conduction has recently been reported for 
defluorination-assisted nitrogen-doped SWCNTs.150 In our work, nitrogen doping by using a simple 
hydrothermal reaction between oxidized SWCNTs and (NH4)2CO2 have been performed. The effects of 
(NH4)2CO2 and reaction temperature on incorporation of quaternary nitrogen atoms as electron donors and 
less oxygen functional groups which works as p-type dopants have been systematically investigated. 
Finally, 0.38at.% of  quaternary nitrogen atoms and ~2% of oxygen have been introduced to the doped 
SWCNTs. A reduced but still positive Seebeck coefficient value have been achieved, indicating a limited 
n-type doping effect for the SWCNTs due to the presentence of relatively large amounts of oxygen 
containing functional groups in this work. 
Meanwhile, charge compensation of negatively charged carbon nanotubes with positive ions has been 
recently reported as another n-type doping system for SWCNTs. Thus, investigation on this n-type doping 
scheme has also been made following previous report. 149 SWNTs treated with potassium oxide and crown 
ether solution exhibited n-type thermoelectric performance with negative Seebeck coefficient of -30 μV/K 
and thermoelectric power factor of 50 μW/mK2. The results suggest that physisorption of ordinary salts 
and crown ether is a simple and scalable way to realize n-type doping of SWCNTs for thermoelectric 
application. 
 4.2 N-SWCNTs produced by hydrothermal reaction  
Chemical vapor deposition and high temperature annealing are two common ways to synthesize nitrogen 
doped single walled carbon nanotubes (N-SWCNTs). Besides them, hydrothermal reaction is also an 
efficient and low cost method to prepare nitrogen doped carbon nanostructures, which is routinely used for 
preparing nitrogen doped graphene (NG). In general, graphene oxide prepared by the Hummers` method 
can be simultaneous reduced and nitrogen doped to be NG during the hydrothermal reaction, in the 
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presence of ammonia, hydrazine or melamine151,152,153. It is expected that this nitrogen doping process can 
also be used for oxidized SWCNTs which have similar chemical characters with graphene oxide. It was 
shown that same amount of nitrogen atoms can be successfully introduced to mixtures of oxidized 
SWCNTs and graphene 39. However, the presence of nitrogen in SWCNT lattice was not shown in this 
work, and the effects of the nitrogen doping on their thermoelectric properties were unclear. Here, 
parameters for nitrogen doping of SWCNTs via hydrothermal reaction have been optimized in order to get 
noticable n-type doping effects. Oxidized SWCNTs were prepared by nitric acid treatment for pristine 
SWCNTs and hydrothermal reaction between oxidized SWCNTs and (NH4)2CO2 solution was employed 
to obtain N-SWCNTs. The oxidation duration, urea concentration and reaction temperature are 
systematically tuned in the aim of getting high nitrogen content. 
4.2.1 Oxidation of SWCNTs 
 
 
  
Figure 4.1 a) Raman spectra and b) IG/ID peak intensity ratio of acid treated SWCNTs with different 
treatment time. 
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Raman spectrum is very sensitive to structrual defect and chemical functionalization of SWCNTs 
(Fig.4.1). The spectrum of pristine SWCNTs shows radial breathing moed around 100 cm-1, G-band 
caused by longitudinal stretching vibrations of sp2 carbon in SWCNTs around 1580cm-1, and D-band 
caused by defects on the nanotube sidewall around 1300 cm-1. Generation of defects on the SWCNT 
lattices can be evaluated by tracing IG/ID ratio. Specifically, the IG/ID ratio remains unchanged at 0.03 after 
3h, indicating nearly no structural changes for the chemical inert SWCNTs, and then monotonically 
increases to 0.19 for 50h, due to the introduction of numerous of defects to SWCNT structure. New 
defects include not only destructions of the sp2 structure of the SWCNTs but also the introduction of 
functional groups at the defect sites on nanotube walls. This severe functionalization leads to an upshift of 
G band, which can be partially attributed to a p-type doping effects154. In addition, after 50h of acid 
treatment the radial breath modes (RBMs) are decreased probably because that most of the SWCNTs are 
converted to heavily functionalized sp2 or sp3 carbon, which is consistent with IG/ID ratios change. 
Considering all above changes of the Raman spectra, SWCNTs treated by nitric acid for 50 hours are used 
for the following hydrothermal reaction. 
   
Figure 4.2 O-1s and N-1s spectra of pristine, 50h nitric acid treated SWCNTs. All acid treated SWCNTs show 
similar O-1s and N-1s peaks in terms of shape and position, so typical spectra from one of the samples are shown 
here. 
XPS measurements were performed to characterize the elemental changes in the samples during the acid 
treatment (Fig.4.2). Peaks corresponding to oxygen are detected in both SWCNT samples before and after 
the oxidation. Pristine SWCNTs show O1s peak decomposed into two parks: one small peak is related to 
isolated –OH / C=O / O-C=O at ~531eV ; another dominant peak related to C-O-C / C-OH / C-O-OH at 
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533.5eV155. Typically, the oxygen comes from the acid purification process performed by SWCNT 
producer, although the samples have been annealed in hydrogen in advance. After long-time nitric acid 
treatment, both of the two peaks become more pronounced, and the total oxygen content in the sample is 
finally increased for 2.10 to 10.15 at.% at 50h (table 4.1). This suggests that considerable amounts of 
oxygen containing functional groups are introduced in the SWCNTs during the acid treatment, which is 
beneficial to the following hydrothermal reaction, as most of those chemically reactive functional groups, 
such as –COOH could work as anchor sites for the implantation of the nitrogen atoms or nitrogen 
containing groups.   
Table 4.1 Elements content and configuration of pristine and 50h nitric acid treated SWCNTs. 
 Pristine SWCNTs (at. %) Oxidized SWCNTs (at. %) 
Total C content 97.70 89.70 
Total N content 0.02 0.20 
Quaternary N -- 0.15 
NO239 -- 0.05 
Total O content 2.10 10.10 
–OH / C=O / O-C=O 155 0.20 2.30 
C-O-C / C-OH / C-O-OH 155 1.90 7.80 
 
Although concentrated sulfuric acid or other mixtures acids are commonly used for the oxidation of 
SWCNTs, refluxing process in pure nitric acid are employed here to fulfill the task to avoid introduction 
of impurity elements. After the oxidation, small amounts of nitrogen are also detected with the XPS 
analysis. Unexpectedly, a N1s peak at ~400eV attributed to quaternary nitrogen atoms is found that is a 
partial realizing n-type doping of SWCNTs, although their concentration is around 1at.% (table 8). 
Meanwhile, a peak with higher bonding energy around 406eV is assigned to the physisorbed nitrogen 
containing species, such as NO2. 156 
4.2.2 Hydrothermal reaction   
The N1s peak in the N-SWCNT sample could be divided into three components, as shown in Fig. 27, 
implying that the N atoms are in the three different valence states doped into the graphitic skeleton. As can 
be seen, pyridinic N peak at 398.1 eV); pyrrolic N peak at399.5 eV) is ascribed to the contribution of 
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pyridine and pyrrol functionalities; quaternary N (401.6 eV) is the N atoms that replace the C atoms in 
graphene. Among them, the quaternary N have been theoretically and experimentally proved to be 
electron donator for carbon nanostructures, thus getting the highest content of quaternary N are the main 
aim of the optimization of CO(NH2)2  dose and temperature in hydrothermal reaction. 
 
Figure 4.3 Representative N-1s spectra of nitrogen doped SWCNTs.  Insert is the schematic illustration of three 
possible configurations of nitrogen in SWCNT lattices. 
 
Firstly, the N-SWCNTs products derived from two different mass ratio between CO (NH2)2 and O-
SWCNTs have been studied. The N-SWCNTs synthesized at 140 oC for hydrothermal reduction with a 
mass ratio of 1:50 was investigated by XPS. As listed in table 4.2, the total oxygen content was reduced 
from 10.10 at. % to 6.19 at.%, and 0.30at.% of quaternary N were introduced after hydrothermal reaction. 
Generally, the oxygen containing functional groups, such as-COOH and –OH cause opposite doping 
effects (p-type doping) on carbon nanotubes, so the CO (NH2)2 concentration was is increased to get more 
efficient oxygen reduction. Meanwhile, several different reaction temperatures are tested in the range from 
125 to 225oC. As the mass ratio between O-SWCNTs and CO (NH2)2 is tuned to 1:100, the oxygen content 
is dramatically decreased, and stays at around 2at. % in the whole applied temperature range. 
Consequently, more nitrogen atoms are introduced at the reduction sites. However, the effect of 
temperature on the concentration of nitrogen dopants is different depending on their bonding 
configuration. The pyrrolic N are preferential to be generated at higher temperature, with its content 
significantly increased from 0.25 at.% at 120oC to 2.25at.% at 225oC. In comparison, the concentration of 
piridinic N remains nearly unchanged at ~1.5at.% until 220 and drops to 0.69at. % at 225oC. Lastly, 
concentration of quaternary N is not obviously increased by tuning the reaction temperature. Relatively 
higher value are obtained at the lowest and highest applied temperature, reaching 0.38at.% at 120oC. 
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Table 4.2 Content of oxygen and nitrogen in pristine, 50h nitric acid treated and nitrogen doped SWCNTs at 
different temperatures. 
Type of 
material 
SWCNTs 
:CO(NH2)2 
mass ratio 
hydrothermal 
temperature 
(oC) 
 
O 
content 
(at.%) 
Pyrrolic  
N 
content 
(at.%) 
Pridinic  
N 
content 
(at.%) 
Quaternary 
N 
content 
(at.%) 
Absorbed 
nitrogen 
containing 
molecules 
(at.%) 
p- SWCNTs -- -- 2.10 0.00 0.00 0.00 0.00 
O-SWCNTs -- -- 10.16 0.00 0.00 0.15 0.05 
N-SWCNTs 1:50 140 6.18 0.57 1.13 0.30 0.32 
N-SWCNTs 1:100 125 1.72 0.25 1.48 0.31 0.37 
N-SWCNTs 1:100 150 2.17 0.52 1.55 0.24 0.53 
N-SWCNTs 1:100 175 2.08 1.02 1.55 0.19 0.85 
N-SWCNTs 1:100 200 2.04 1.01 1.53 0.20 0.80 
N-SWCNTs 1:100 225 2.04 2.20 0.69 0.38 0.57 
4.2.3 Thermoelectric measurement 
Thermoelectric parameters of the N-SWCNTs are measured in air at room temperature. Measurements are 
conducted for SWCNTs produced at 225oC with the ratio of urea and O-SWCNTs of 1:100, as this sample 
shows highest concentration of quaternary N and relative low amount of oxygen. All three thermoelectric 
parameters have been put together for the N-SWCNTs comparing to the pristine SWCNTs. The Seebeck 
coefficient is decreased from 30 to 10 μV/K, indicating that Fermi level of the SWCNTs is moved down 
but the main charge carriers are still holes. In the meantime, the electrical conductivity of the films are 
reduced to the half of that of the pristine SWCNTs, because charge carrier concentration is reduced and 
amounts of defects are introduced during the oxidation process and the hydrothermal reaction. As a result, 
the thermoelectric power factor drops to 5 μW/mK2. Here the small positive S is obtained because the 
measurements have been performed in ambient condition. Showing later in section 7.33, the doped 
SWCNTs would show negative Seebeck coefficient when the effects of physisorbed oxygen or water from 
ambient condition have been eliminated. 
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Figure 4.4 Thermoelectric properties of pristine and nitrogen doped SWCNT films. 
In summary, the hydrothermal reaction developed here is a simple and scalable method preparing nitrogen 
doped SWCNTs. However, relatively large amount of oxygen containing groups are unavoidably 
introduced to the SWCNT structure during the oxidation and cannot be thoroughly removed during the 
hydrothermal reaction. Meanwhile, as only the electron donators, quaternary nitrogen atoms can be 
introduced with limited concentrations, although the reaction parameters have been carefully tuned. 
Replacing the acid treatment with other methods, such as fluorination may be capable to introduce more 
anchor sites on the graphitic lattices for nitrogen implantation, which could lead to an efficient n-type 
doping of SWCNTs.  
4.3 n-type doped p-SWCNTs by ordinary salt and crown ether 
Except the doping of the SWCNTs with heteroatoms, several organic dopants showing quite good 
environmental stabilities have also been developed for n-type doping of SWCNT. Therefore, experiments  
have been performed to realize air-stable n-type doping of both p- and sc-SWCNTs via charge-transfer 
absorption of proper dopants, following a very recent publication by  Nonoguchi et al. using ordinary salt 
and crown ether as dopants.149  
4.3.1 Doping scheme 
Anions, such as OH-, Cl- in solutions have electron donating ability to carbon nanotubes. Typically, OH- is 
a weak one-electron reducing reagent via [OH-] / [OH radical anion] couple and converts to hydrogen 
peroxide via two-electron transfer. 157 This may convert SWCNTs to reduced form as follows. 149  
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SWCNT+ OH- = [SWCNT] - +1/2H2O                                             (4.1) 
In general, the reduction power of OH- is rather weak and negligible in protic solvents because the most of 
the hydroxide ions are stabilized by hydrogen bonding. 157 But the nucleophilic reactivity is enhanced for 
“naked” OH- in aprotic solvents, such as methanol, ethanol and NMP. 158  
 
Figure 4.5 Chemical structures of the n-type dopants. a) Benzo-18-crown-6 ether b) Crown ether complex salts c) 
Tetramethylammonium hydroxide (TMAOH)  
Crown ethers (e.g. Benzo-18-crown-6 ether in Fig.4.5a) can form complexes with alkali and alkali-metal 
ions which have matched diameters in following process. 
MX + [crown] ⇄ [M-crown] + X - 
M=Li, Na, K, etc. X                                                         (4.2) 
      X = OH, MeO, Cl, etc. 
This causes increased salt solubility and increased anion reactivity in aprotic organic solvent, which is 
high enough to n-type dope SWCNTs. Together with this process, the crown complexes with structures 
(Fig.4.5 a) are easily attached to the wall of SWCNTs, forming hybrid structures, [SWCNT] - [M-crown] + 
which provides stable n-type doping for SWCNTs. Working together with selected crown ether, a series of 
ordinary salts, including sodium chloride, sodium hydroxide, and potassium hydroxide can be used as new 
doping reagents for SWCNTs. Moreover, with similar structures, tetramethylammonium hydroxide 
(TMAOH) on their own are proposed to be used as n-type dopants for SWCNTs, based on the same 
doping mechanism. (Fig.4.5c). 
4.3.2 Thermoelectric measurements 
Fig. 4.6 shows the thermoelectric parameters measured before and after doping by 18-crown-ether-salt 
complex or TMAOH. Seebeck coefficient of the SWCNT films are reduced from positive, 25 μV/K to 
negative, -30 μV/K by the doping with 18-crown-ether-salt complex, indicating that the p-type films are 
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successfully converted to n-type materials. In the meantime, a lower electrical conductivity with larger 
variation is observed in comparison with the pristine film, which is typical for the case of doping SWCNTs 
with polymers or molecules. This is because that the surfaces of  SWCNTs in the networks are covered by 
the applied dopants, and the tunneling current between neighbored nanotubes is reduced. As can be seen 
in the inset in Fig. 4.6, the film made of pristine SWCNTs is smooth and clear, but it is covered by a thin 
layer of dopant after the doping process. Consequently, the smaller conductivity leads to a power factor 50 
μW/mK2 for the n-type films, which is half of that of the p-type films.  
 
Figure 4.6 Thermoelectric properties of pristine and n-type doped SWCNT films. Inset is the photo 
images of SWCNT films before and after doping by 18-crown-ether-salt. 
Unlike the reported results, doping SWCNTs with TMAOH cause only faint n-type effects in this work. 
Both Seebeck coefficient and electrical conductivity of the SWCNTs are slightly reduced, and the S is still 
positive, which suggests that concentration of hole charge carriers is decreased to a limited extent. Two 
possible reasons are considered to be responsible for the phenomena. On one hand, the cation part of 
THAOH molecules contains no aromatic structure unlike the crown ether, which has limited ability to 
bind with the [SWCNT]-. So stable hybrid made of [SWCNT] - and cation may form only for selected type 
of SWCNTs which has stronger affinity due to specific surface functional groups. On the other hand, 
commercial THAOH powders which are crystalline hydrate are used here, as no specific indication have 
been given for detail information of chemicals in the reported work. 149 Most of the hydroxide ions may be 
stabilized by the H+ from the crystal water, so that the efficiency of electron donation is largely reduced. 
Therefore, it is concluded that the soft counter cations such as [M-crown] + and R4N + are crucial for an 
efficient n-type doping. 
Similar to the doping scheme with the previously proposed hydrothermal reaction, the doping strategies 
SWCNTs with organic 18-crown-ether-salt complex is also scalable and promising. Moreover, the 
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prepared materials show thermoelectric properties with a thermoelectric power factor of -50 μW/mK2 
making them promising candidate for future n-type thermoelectric components. 
4.3 Chapter summary 
Two scalable doping schemes have been explored with the goal to realize efficient n-type doping for 
SWCNTs. Doping the SWCNTs with nitrogen heteroatom have been performed by using a hydrothermal 
reaction between (NH4)2CO2 as nitrogen source and SWCNTs which have been chemically activated by 
refluxing in pure nitric acid for 50h. Limited amounts (up to 0.38at.%) of quaternary nitrogen as electron 
donors are implanted in the SWCNT lattice after the optimization of the oxidation duration, (NH4)2CO2 
dose, and hydrothermal reaction temperature. Content of oxygen is reduced to ~2at.% by increasing the 
(NH4)2CO2 concentration. After doping, Seebeck coefficient of the SWCNTs are slightly decreased from 
25 to 10μV/K, due to a limited n-type doping effect caused by the small percentage of introduced nitrogen 
atoms and relative large amounts of oxygen fictional groups which work as p-type dopants. Here, the 
small positive S is because that the measurements have been performed in ambient condition. Showing 
later in section 7.33, the doped SWCNTs would show negative Seebeck coefficient when the effects of 
physisorbed oxygen or water from air have been eliminated. On the other hand, n-type doping have 
performed by treatment of SWCNTs with potassium oxide and crown ether solution. After drying process, 
negative charged SWCNTs are saturated by the crown-ether-salt complex which physisorbed on their 
surface forming n-type SWCNT hybrid materials. The hybrids show negative Seebeck coefficient of-30 
μV/K and slightly decreased electrical conductivity due the presence of bulky dopants in the SWCNT 
networks. As a result, a promising thermoelectric power factor, 50 μW/mK2 has been achieved, suggesting 
that physisorption of ordinary salts and crown ether is a simple and scalable way to realize n-type doping 
of SWCNTs for thermoelectric application. 
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Chapter 5 Electronic type separation of SWCNTs  
5.1 Introduction 
A gel chromatography based method is developed to sort out highly pure (~95%) sc-SWCNTs from large-
diameter (1.2-1.8nm) pristine SWCNTs raw mixture produced by arc-discharged method. Surfactants with 
long alkyls cover individual SWCNTs differently according to their electronic structures, controlling 
electro static interaction and the distance between SWCNTs and gel beads. So SWCNTs with different 
electronic structures and affinity to the gel beads would pass the chromatography column with different 
speed driven by gravity and the flashing of buffer solution. For SWCNTs greater than 1.2 nm in diameter, 
their electronic type separation has been a particular challenge despite the development of several 
separation strategies based on differing selective chemistries in the past decade.  
Here, a competing surfactant system has been developed to realize the separation of large-diameter 
SWCNTs, using SC solution as the dispersant agent and SDS solution as the buffer solution in gel 
chromatography column. Long-time sonication and ultracentrifugation are employed to efficiently 
disperse SWCNTs in aqueous solutions. 5 types of surfactants are tested here to prepare high quality 
dispersion containing high fraction of individual SWCNTs. After the chromatography, the separation 
grade is valuated from UV-Vis spectra and confirmed by Raman measurements. A maximum purity of sc-
SWCNTs,  85% is achieved after 1st separation, calculated from the first derivative of UV-Vis spectra. 
Higher pH value causes stronger affinity between gel and all SWCNT species, leading to higher yield but 
lower purity of sc-SWCNTs. sc-SWCNTs sorted in neutral environmental show highest purity. A density 
gradient centrifugation process is used to further remove small bundles from the as-prepared dispersion, 
and thus improve the purity to up 95%. In meanwhile, the purity can be also increased to the same level by 
applying a 2nd separation process. The established strategies show high efficiency and yield to prepare 
high purity sc-SWCNTs which are required for electronic applications, including thermoelectric 
applications. 
5.1 Fundamentals of permeation gel chromatography in SWCNTs 
separation 
The gel chromatography based separation exploits the varied affinity between the gel beads and SWCNT-
surfactant complex, which is a function of electronic type and/or chirality of SWCNT species. A 
comprehensive understanding of the separation process has not yet been achieved, but possible models for 
the gel chromatography separation process of SWCNTs have been built based on experimental 
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observation by many groups. 159,160 In those models, individual SWCNTs form complex with a specific 
kind of surfactant (i.e. SDS) which is found to be the key factor to realize electronic type separation. In 
our work, SWCNTs have been firstly dispersed in water with different surfactants, such as SC, in order to 
get high fraction of individual SWCNTs in the dispersion. Then, large amount of SDS solution has to be 
used to flush 1-2 mL of the SWCNT dispersion through the gel column to achieve the M/S separation. 
During this flushing process most of other surfactants have already been replaced by the SDS,161,162 so a 
model based on SWCNT-SDS complex is used for describing separation process. 
 
 
Figure 5.1 Model of interaction between SWCNTs, surfactants and gel beads in the chromatography process.  
In the separation process van der Waals, ionic, hydrophobic, π-π, ion-dipole and steric interactive force 
may all play a role. Clar et al. suggest that the ion-dipole attraction and steric repulsion account for the 
electronic type separation of SWCNTs, after performing the separation by using different agarose gels 
with selected functional groups which can enhance or inhibit one of the above mentioned interaction 
forces.160 In this work, Sephacryl gel comprised of cross-linked agarose matrix and dextran chains are 
employed. 163 Therefore, the secondary amide groups159,164 and hydroxide groups which offers permanent 
dipoles are considered for the bonding sites for the SWCNT-surfactant complex during the separation as 
schematically shown in Fig. 5.1. 
The inherent differences of polarizability between the m- and sc-SWCNTs lead to the selective absorption 
of SWCNT-surfactant complex on the gel beads in aqueous dispersions.  Both theoretical calculation165 
and laboratory electrical measurements91 have shown large differences in polarizability of SWCNT 
different species, whereby the longitudinal dielectric constant of m-SWCNTs are 3 orders of magnitude 
higher than that of their semiconducting counterpart. Previous studies indicated that the selective 
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absorption can be achieved only in the presence of sodium dodecyl sulfate (SDS), a surfactant with 
charged head groups and a long alkyl tail which are vital to the discrimination and separation of m- and 
sc-SWCNTs. 64,163 It is found that a charge (i.e. the negative charged group in surfactants) induce positive 
image charges on the SWCNTs, which can screen the charged head groups of SDS from one another, as 
well as screening SWCNTs from other approaching charges (i.e., permanent dipoles on gel). 166 Due to the 
larger polarizability , image charge are more easily induced on m-SWCNTs, allowing more SDS 
molecules to be pack around the m-SWCNTs in a more ordered perpendicular structure with the head 
groups extended more uniformly away from the SWCNT surface, which effectively increase in the 
surfactant volume fraction in the SWCNT-surfactant complex.166 Therefore, the interaction strength 
between m-SWCNT-surfactant complex and the dipoles on the gel beads are lower due to both ion-dipole 
repulsion caused by image charge and steric repulsion provided by higher fraction of surfactants. This 
produces a much lower affinity of m-SWCNTs to gel beads than sc-SWCNTs. 
Moreover, the morphology of the shell of SDS on SWCNT surface is mobile and rearranges in response to 
chemical and mechanical stimuli. Thus the separation can mediated by tuning SDS concentration, 
electrolyte,166 pH,94, 167 temperature,168 or by adding other surfactants169 and organic molecules.167 
For SWCNTs greater than 1.2 nm in diameter, their separation in terms of electronic-type and chirality has 
been a particular challenge despite the development of several separation strategies based on differing 
selective chemistries in the past decade. The increased difficulty for separation of larger diameter SWCNT 
species can be attributed to two factors:100 (1) The generally presumed small difference in nanotube 
properties between large diameter SWCNTs. The larger radius of curvature for the carbon lattice reduce 
both differentiation in the electronic structure of the specific chiral vector and likely the specificity of 
coating by dispersant molecules; (2) Geometrically, increasing number of SWCNT species have similar 
diameters when the chirality index is increased, which also implies a reduction in number fraction for any 
single species in a nonselective synthesis method produced sample, increasing difficulty for chiral 
separation. 
Arc discharge method is a high-yield, large-scalable and low-cost way to produce high quality SWCNTs 
with large diameters (1.2-1.8nm),  170 which are highly desirable in sensor elements, photonic and 
electronic devices, including thermoelectric devices. However, the system using single type of surfactant, 
SDS generally, cannot realize efficient electronic type separation of SWCNTs in several established 
separation strategies, such as density gradient centrifugation, since SDS as dispersant molecules show 
weak ability in dispersing large-diameter nanotubes, leading to the formation of small bundles in 
dispersion. In this case,  mixing surfactant systems using SDS and other surfactants, such as SC (which 
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has higher ability in dispersing large-diameter nanotubes) have already been developed in separation using 
density gradient centrifugation, aqueous two phase separation and gel chromatography.171 
5.1 Preparation of high-quality SWCNT dispersion    
Carbon nanotubes are tightly bound or tangled with each other as aligned aggregates or bundles after 
synthesis. The solution phase dispersion of carbon nanotubes is important for the development of bulk 
processing techniques and the exploration of established selective chemistries for the electronic type 
separation. Carbon nanotubes with different electronic characters inside bundles or aggregates cannot 
directly interact with the gel beads, so as to fail the separation. Therefore, preparation of SWCNT 
dispersion with high fraction of individual SWCNTs is the first and crucial step towards efficient 
separation. In the following works, a long-time tip sonication and centrifugation with ultrahigh speed are 
employed to fulfil this task.   
Sonication is an act of applying sound energy to shake particles in a sample, being employed as a common 
way to isolate carbon nanotubes from as-prepared bundles in aqueous solution of surfactants, working as 
schematically shown in Fig. 5.2. The role of ultrasonic processing is likely to provide high local shear, 
particularly to the nanotube bundle end. The “frays” the bundle end becomes a site for additional 
surfactant adsorption, which continues in an “unzippering” fashion that terminates with the release of an 
isolated, surfactant-coated nanotube in solution. Finally, an equilibrium is established between free 
individuals and aggregates or bundles that limits the concentration of the former that is possible.90 This 
proposed mechanism explains well the results obtained in this work showed in Fig. 5.2a. A large fraction 
of SWCNTs (2mg/mL) sonicated in 1wt% of SDS solution using a tip soncator with input power 
controlled by the amplitude at the tip. Indicating by the increased optical absorbance value, SWCNTs are 
gradually dispersed by the solution in a rate determined by the sonication power and absorbing rate of the 
surfactant. After 40 mins, the amount of dispersed SWCNTs gets saturated. Further increasing the 
sonication times would lead to shorten and damage of the SWCNTs, but no more increasing of its 
concentration. 
In Fig. 5.2a, the UV-Vis spectra show no significant optical absorbance characteristic peaks from 
SWCNTs until the dispersion is further purified by an ultracentrifugation process. The lacking the 
characteristic peaks for the as-prepared SWCNT dispersion is mainly due to the two following reasons. 
On one hand, not only SWCNTs but also lots of impurity, such as amorphous carbon and catalyst particles 
from the production process are dispersed in the solution during the sonication. Those impurities cause 
increased absorbing background following the beer–Lambert law, thus the characteristic become 
unobvious. On the other hand, parts of the SWCNTs are not completely isolated during the sonication, 
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existing as bundles. When in aligned bundles, carbon nanotubes are known to undergo significant changes 
to their electronic structure, including the formation of a pseudo-gap for metallic nanotubes and an 
orthogonal electronic dispersion in the otherwise 1-D electronic structure. Experimentally, this electronic 
dispersion significantly broadens photon absorption peaks, and reduces the overall intensity. After the 
ultracentrifugation, most of the bundles and impurities with higher buoyant are efficiently removed. So the 
isolated individuals demonstrate sharper, more intense absorption features corresponding to singularities 
in their 1-D electron density of states.  
 
  
Figure 5.2 Effects of sonication and ultracentrifugation on UV-vis absorbance of SWCNTs dispersed in SDS 
solution. a) Absorbance of SWCNT dispersion at 520nm as a function of sonication time. Absorbance is measured 
after ultracentrifugation. Insert is the schematic illustration of the sonication process. b) Representative UV-Vis 
spectra of SWCNT dispersion before and after ultracentrifugation.  
5.2 Separation using a competing surfactant system 
In the following section, a competing surfactant system has been developed to realize the electronic type 
separation of large-diameter arc-discharge SWCNTs from several producers, using SC solution as the 
dispersant agent and SDS solution as the buffer in gel chromatography column.  
5.2.1 Screening of the surfactant systems for M/S separation of SWCNTs  
From Fig.5.4, it is clearly evident that the amount and quality of the SWCNTs in dispersion achieved by 
the different surfactants can vary obviously from the magnitude and observed resolution of the CNT peaks 
in the absorbance spectra. As can be seen, anionic surfactants SDBS, DOC, and SC with smaller sizes 
produce the most resolved spectra for large-diameter nanotubes, thus indicating a greater fraction of 
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individual nanotubes in the dispersion. The, fine structure in spectrum of SWCNTs suspended in SDS is 
less obviously observed, and totally disappeared after several days. Furthermore, it has previously been 
suggested that SDS preferentially dissolves impurities over SWCNTs, and hence the fraction of individual 
nanotubes in the dispersion using SDS is particularly low which is fatal to the following separation. For 
SDBS, the presence of a phenyl group is proposed to provide superior dispersive ability due to π-π 
stacking interactions, although the molecule has a hydrophilic end. It is thought that the phenyl group may 
play an important role in the initial isolation of an individual nanotube from a bundle, adsorbing laterally 
in the narrow space between adjacent nanotubes where the surfactant cannot be adsorbed on the nanotube 
surface perpendicularly. The absence of a hydroxyl group in DOC results in a better dispersion of CNTs 
than with SC, which has been previously reported, but the difference is slight. Although hydroxyl group 
has hydrophobic attraction, it likely hinders the adsorption of the SC molecule on the CNT sidewall in 
some way, so its removal provides DOC higher dispersive ability. DOC and SDBS show comparable 
results, it is previously suggested that SWCNTs have a stronger hydrophobic interactions with the linked 
cyclic rings in DOC compared to the single alkyl chain of SDBS.  
 
 
Figure 5.3 Chemical structure of surfactants for preparation of SWCNT dispersions. a)  Sodium dodecyl 
sulfate (SDS) b) Sodium dodecylbenzene sulfonate (SDBS) c) Sodium cholate (SC) d) Sodium deoxycholate (DOC) 
e) Triton X-100 
It is reported that the nonionic dispersants perform far better for large-diameter than small-diameter 
nanotubes, perhaps due to tighter “wrapping” or adsorption conformations being required for smaller 
diameter nanotubes. However, Triton-X 100 was a relatively poor dispersant for large-diameter nanotubes 
in this work, leading to the lowest absorbance and no fine characteristic structure in the spectrum, perhaps 
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due to their short chain lengths are less effective to generate enough steric repulsion, regardless of the 
employed nanotube diameter=. 
 
Figure 5.4 UV-Vis spectra of SWCNT dispersions using different type of surfactants as dispersant agents. 
 
Figure 5.5 Observations of gel chromatography process using different surfactant system.  All photopictures 
were taken at approximate 15min after the pristine SWCNT dispersion have been input on the top of the gel column. 
Separately, 1.5ml of all 5 kinds of SWCNT dispersions have deposed on the top of Sephacryl gel columns 
saturated by 1wt% of SDS solution. After the input SWCNT solutions permeate in the gel, 1wt. % of SDS 
solution is used to flush the SWCNTs through the column.  Different phenomena have been observed for 
different SWCNT dispersion during the process as shown in Fig.5.5. For Triton-100, only small faction of 
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the SWCNTs penetrate into the gel column with the rest of them stopped on surface of the column 
forming a dark layer. No separation happens for the penetrated part and this part stops in the gel column 
after several minutes although being flushed by sufficient amount of 1wt.% SDS solution. One possible 
reason for this phenomena is that the SWCNTs have too strong interaction with the gel bead in Triton 
solution. SWCNT-SDS solution passes through the column as a whole phase, indicating no separation of 
SWCNTs have happened during this process. Reports suggest that SWCNTs in SDS solution start to 
agglomerate immediately after the sonication ended forming small bundles. Thus metallic and 
semiconducting SWCNTs inside the bundles cannot be effectively discriminated and separated from each 
other during this process. For SWCNTs dispersed in DOC, SC and SDBS solutions, similar phenomena 
have showed up. Two separated phases have been overserved after several minutes, with a faster part 
(elute 1, E1) showing blueness and a slower part (elute 2, E2) showing brownness. As the optical 
properties of SWCNTs strongly depend on the electronic structure and diameter, the differentiated colors 
suggest that the SWCNTs in the dispersion may have been fractioned according to their diameter or 
electronic type. The separated phases have been collected respectively for further characterizations. 
Table 5.1 Effects of composition of dispersant and buffer on the result of separation 
Dispersant 1wt.% SC 1wt.% SC 1wt.% SC 1wt.% SC 
1wt.% SC 
+ 
1wt.% SDS 
Buffer 0.5-2wt.% SDS 
1wt.% SDS 
+ 
0-1wt.% SC 
1wt.% SDS 
+ 
1-1.5wt.% SC 
0-0.9wt.% SDS 
+ 
1wt.% SC 
1 wt.% SC 
+ 
1wt.% SDS 
Two 
separated 
phases? 
(Yes/No) 
Yes Yes No No No 
Interestingly, the two separated phases can be observed only in a non-equilibrium surfactant system using 
a surfactant (DOC, SDBS and SC) solution (dispersant) with larger dispersion capability  to prepare 
dispersion containing most individual SWCNTs and a solution (buffer solution) consisted of  SDS  to 
flush the column during the separation. As can be seen in table 5.1, in the SC-SDS system, the two 
separated phases can be observed only when SDS is presented in the buffer and the concentration of SC in 
buffer have to be lower than that in the dispersant. Only in this case, part of the SC on the surface of 
SWCNTs can be replaced by SDS which can cover the SWCNTs discriminately according to their 
electrical properties. And this competing and dynamic process lead to an efficient separation of SWCNTs. 
5.2.2 Optical characterization of sorted SWCNTs 
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In Fig.5.6, UV-Vis absorption spectroscopy have been employed to characterize the optical properties and 
thus electronic structure of the pristine and sorted SWCNTs. Similar changes have been observed for 
SWCNTs before and after separation in DOC-SDS, SC-SDS and SDBS-SDS system. The pristine 
SWCNT dispersions show three main absorption bands which is caused by the electron transmission 
between VHS in covalent and conduction bands. The band (400-550nm) consisted of several distinctive 
small peaks have been assigned to S33. In meantime, two broad peaks at 600-800nm and 850-1100nm have 
been contributed by M11 and S22 electron transmission respectively. After separation the part of SWCNT 
dispersion with blue color shows slightly increased M11 and decreased S22 band. Whereas, the part of 
SWCNT dispersions with brown color shows obvious S22 band and nearly vanished M11 band. Those 
results give clear indication that the SWCNTs have been successfully separated mainly based on their 
electronic type rather than other structural characters, such as diameter. However, small shifts of the peak 
position have been also observed which suggest the diameter distribution may be also slightly changed. 
Further, Raman scattering have been used to collect more information on the diameter distribution and to 
confirm the electronic type separation. 
 
Figure 5.6 UV-Vis spectrum of pristine SWCNTs (black lines) and SWCNTs sorted in a) DOC-SDS b) SDBS-
SDS and c) SC-SDS system. 
Except the UV-Vis spectra, Raman measurements have been applied to confirm the electronic type 
separation and to provide more structural information of the employed SWCNTs, such as their diameter 
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distribution, using lasers with excitation wavelength of 532 and 780nm. Radial breathing mode (RBM) is 
the “finger prints” of SWCNTs in Raman spectra, which have been observed for all samples in both 
wavelengths of laser in Fig.5.7. 171 . Incident or scattered photons in laser beam can be in resonance with 
an electronic transition between van Hove singularities, thus in this case the Raman cross-section becomes 
very large due to the strong coupling which occurs between the electrons and phonons of the nanotube 
under the resonance conditions. 11 For a given excitation wavelength, RBM Raman signals are contributed 
by only those SWNTs that can be resonantly excited between optically allowed van Hove singularities in 
the electronic density of states, which are separated by the energy E determined by the diameter. The 
frequency of the RBM, ωRBM is proportional to the inverse diameter: ωRBM=c1/dt + c2, where c1=248nm/cm 
and c2=0 nm/cm are empirically derived parameters according to the published the results. 2 The lower 
panels of Fig.5.7 show the RBM frequencies given by the above formula for experimentally relevant 
diameter range of arc-discharge SWCNTs. For a certain (n,m) nanotube, E can be generally determined by 
a tight-binding calculation. Here the data of  E corresponding to chirality and metallicity are obtained from 
website of R. Saito et al and are prepared as so called Kataura plots.  
  
Figure 5.7 Raman measurements of pristine SWCNTs and SWCNTs collected from metallic and 
semiconducting enriched part in the chromatography using SC-SDS system. The wavelength of excitation laser 
are set to be a) 532nm and b) 780nm. Raman shift of RBM peaks (ωRBM) are assigned to the diameter (dt) of 
nanotubes by using a relationship ωRBM =248/dt.90 The data for Kataura plots are downloaded from the website of R. 
Saito et at. 
Within the experimentally accessible region of excitation, the employed pristine SWCNTs show a narrow 
diameter distribution (1.2-1.8 nm) which in accordance with electronic microscope images for arc-
discharge SWCNTs in published results.172 Only sc-SWNTs contribute to strong RBM peaks when they 
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are excited over the third pairwise of van Hove singularities (S33) by the laser of 532nm. Comparing to the 
pristine SWCNTs, the assumed sc-SWCNT enriched part shows a stronger peak with a smaller width and 
no shoulder parts, confirmed the enrichment of sc-SWCNTs with diameter around 1.5nm after the 
chromatography. Meanwhile, strong peaks corresponding to sc-SWCNTs have also been observed in the 
assumed m-SWCNT enriched part, indicating that it contains still considerable amounts of sc-SWCNTs, 
which is consisted with the peak of sc-SWCNTs in the UV-Vis spectrum. But the peaks are slightly red 
shifted and a shoulder part at higher frequency has become more obvious, indicating sc-SWCNTs with 
larger diameter (~1.7nm) are enriched in this part, although the total concentration of the semiconducting 
species has been decreased. More previous differentiations have been observed in the spectrum using laser 
of 780nm. By using this wavelength of laser, only m-SWCNTs contribute to the RBM peaks. Two peaks 
are observed in the spectrum, which are centered at two Raman shift frequences corresponding to the 
diameters of 1.4 and 1.6 nm. The two peaks are nearly diminished in the sc-SWCNT enriched samples, 
which indicates that almost all metallic tubes have been removed considering that resonance Raman signal 
can be even detected for individual nanotubes. On the contrary, the intensity of both the peaks are 
dramatically increased in the m-SWCNT enriched samples. It is thus straightforward to conclude from 
Raman together with the UV-Vis measurements that the electronic type separation has been achieved by 
gel permeation chromatography using the competing surfactant system that is established in this work.  
5.2.3 Evaluation of M/S ratio of SWCNTs 
The purity of semiconducting SWCNTs in the dispersion is assessed by using the ratio between the 
amplitude of the first derivative of optical absorption curve in the semiconducting and the metallic region 
of the spectrum rather than the absolute absorbance, in order to minimize the effects of background 
absorbancies. The differences of maximum and minimum of the first derivative of the absorption spectrum 
around a peak were added together in the semiconducting and the metallic region of the spectrum, 
respectively.93 This evaluation is sketched in Fig. 5.8. In particular, for arc discharge SWCNTs used here, 
the first metallic transitions are located in the range from 600 to 850nm (M11), the second semiconducting 
transitions are in the range from 800 to 1100nm (S22). Considering the overlapping of M11 and S22 and the 
broad diameter distribution, the absorption bands in the range from 800 to 850nm are not clearly assigned, 
and thus not taken into account. This would cause small uncertainty in the analysis. The unsorted SWCNT 
dispersion presents a ratio of m- to sc- SWCNTs slightly higher than the theoretical value, 45% of the 
nanotubes were metallic and 55 % exhibited semiconducting behavior. After the sorting (Fig. 37b), the 
metallic tubes are enriched in the first phase, with their content reaching ~55%. Meanwhile, in the other 
phase, the content of sc-SWCNTs has been efficiently increased to ~80%, but showing still about 20%  of 
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m-SWCNTs in the highest semiconducting enriched fraction. To improve the enrichment of sc-SWCNTs, 
the effects of temperature and pH value on the separation efficiency have been investigates. 
 
   
Figure 5.8 Absorbance and its first derivative of the pristine and sorted SWCNT dispersion. (a) Pristine 
SWCNT dispersion (b) Semiconducting SWCNT enriched dispersion and (c) Metallic SWCNT enriched dispersion. 
A blue squared lines indicate the peak is in the range of M11 and an orange square indicate the peak is in the range of 
S22.  
Figure 5.9 shows the SWCNT accounting data for experiments performed at three different surfactant 
system. The ratio of m- to s- SWCNTs in both the E1 and E2 eluents is shown in separate bars at each 
system. The black line in each bar at 45% of the bar height marks the calculated m-SWCNT content for 
arc-discharge SWCNTs, and the difference between the brown/blue boundary and this line indicates the 
effectiveness of the separation at the specific system. The relative amounts of SWCNTs in each eluents 
comparing the total amount of SWCNTs in the input dispersion have been estimated by calculating the 
ratio of optical absorbance value at 526nm in the each UV-Vis spectrum according to the beer’s law as 
following equation. 
Abs = є ⋅ l ⋅ c                                                                     (5.1) 
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Where the Abs is the absorbance, є is the molar absorptivity constant, l is the light path length and c is the 
concentration of solution. The wavelength 526nm is picked here, because no characteristic absorbing band 
appears at this point, and all absorbance are attributed to π-plasmon which is originated from all SWCNT 
species and negligible amount of carbonaceous impurities. The sum of the total SWCNT amount in E1 
and E2 fractions is the amount of SWCNTs recovered during the separation, and is shown as a red 
horizontal line for each surfactant system. The difference between this value and 100% is the fraction of 
introduced SWCNT mass that is irreversibly retained by the column.  
E2 fractions from both DOC-SDS and SC-SDS system show higher semiconducting ratio (~80%) than 
that (~70%) of the SDBS-SDS system. But, comparing to DOC-SDS system, SC-SDS contributes to 
larger volume of E2 phase and higher recovery of total SWCNTs. Therefore, the SC-SDS competing 
surfactant system has been found to lead to highest efficiency for the metallic/semiconducting separation 
of large-diameter SWCNTs that we employed in this work. 
 
 
Figure 5.9  Fractions of SWCNTs in first eluent (E1) and second eluent (E2) in different surfactant system. 
The brown and blue parts of each bar represent the semiconducting and metallic fractions, respectively. The dash 
black line within each bar is at the as-synthesized ratio of m- and sc-SWCNTs (45:55). The distance between the 
brown/blue boundary and the black line indicates the efficiency of the separation. The dash red lines at the top of the 
figure indicate the total fraction of SWCNTs that were collected in E1 + E2. The difference between this line and 
100% represents the amount of SWCNTs that were irreversibly retained by the column. 
5.2.4 Effect of pH value 
pH value of the buffer solution (consisted of SDS and water) has been tuned by adding HCl and NaOH 
and the amount and metallic/semiconducting ratio of SWCNTs in the semiconducting enriched phase for 
different pH have been shown in Fig. 5.10. The total amount of SWCNTs in the E2 phase shows a strong 
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dependence on the pH value of the buffer solution. At pH 4, very small amount of SWCNTs have been 
obtained in the E2, indicating that both m- and sc-SWCNTs have weak interaction with the gel beads in 
this case. The amount of SWCNTs in E2 increased as the pH value was increased from 4 to 8.5. Hirano et. 
al. explained that the pH dependency of interaction in acidic condition is associated with oxidation of 
SWCNTs by oxygen and protons in aqueous solution.173 At lower pH, SWCNTs have more surface 
charges which will cause weaker interaction between SWCNTs and gel beads.160 Further, the amount of 
SWCNTs in E2 is decreased as the pH value is increased from 8.5 to 11. In this highly basic range, the 
concentrated sodium ions may play important role in the interaction between SWCNTs and gel beads, as 
the cations such as Na+, Cs+ would affect the hydrolysis and aggregation formation of SDS. 173 Similarly, 
by adding NaCl or CsCl, a decreased absorption of small-diameter SWCNTs on sephacryl gel in SDS 
solution have been reported. 173 However, no obvious improvements on the purity of sc-SWCNTs has 
been achieved in different pH condition. Slightly higher semiconducting/metallic ratio of SWCNTs in E2 
shows up in the range of pH 7-8.5.Fleshly prepared SDS solution has pH value around 9 due to hydrolysis 
and this value is slowly decreased to 7 because interaction with carbon dioxides in the air. Based on above 
results, SDS solution freshly prepared within 1-2days has been used to perform the separation. 
 
Figure 5.10 Effect of pH value on the amount and semiconducting/metallic ratio of SWCNTs in 
semiconducting enriched fraction (second eluent, E2). The dash black line within each bar is at the as-synthesized 
ratio of m- and sc-SWCNTs (45:55). The distance between the brown/blue boundary and the black line indicates the 
effectiveness of the separation. 
5.2.5 Effect of density gradient ultracentrifugation 
A density gradient ultracentrifugation process has been used to remove the small bundles consisting of 
several nanotubes, which have subtle buoyant difference between individual nanotubes. Aliquots (~1mL) 
supernatants collected from the first ultracentrifugation are placed in the centrifuge tubes and then 
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iodixanol solutions with different densities are injected in bottom as buffer layers. The concentration of 
the iodixanol in the solutions are tuned from 15 to 35w/v. Photographs of the SWCNTs within the 
centrifuge tubes before and after the centrifugation denoting the separated layers are shown in Fig. 5.11. 
During the centrifugation, each species in the initial layer are moved downward through the liquid column 
at a rate proportional to their buoyant mass. Thus, morphologically defective nanotubes and bundles are 
moved further than insolated nanotubes, and settled at the bottom of the centrifuge tubes. For the case that 
15w/v iodixanol, a continuous gray phase containing most of SWCNTs is observed in the buffet layer.  
For other experiments using higher concentration of iodixanol, the dispersions containing well-
individualized and primarily rigid SWCNTs have been compressed into narrow bands in the middle of the 
tubes. The dispersion inside or on the top of the buffer layer are then collected and used for further 
separation. 
 
Figure 5.11  Photopictures of centrifuge tubes filled with SWCNTs in the top layer and iodixanol solutions in 
the bottom layer before (left) and after (right) ultracentrifugation.  The SWCNT dispersions are the supernatants 
collected after first-step ultracentrifugation, containing ~1wt% of SC. The iodixanol solutions contains water, ~1wt% 
of SC and iodixanol with different concentrations in sample a=15w/v, sample b=20w/v, sample c=25w/v, sample 
d=30w/v, sample e=35w/v. The SWCNTs used here have been purchased from company Carbon Solutions. 
The spectra of the sorted sc-SWCNTs are normalized and compared in order to get the best condition for 
purification at the parent dispersion for the separation. By using the density gradient centrifugation, purity 
of all sorted sc-SWCNTs are improved, but showing no systematic changes. The highest purity of sc-
SWCNTs up to 95% is achieved when 30w/v of iodixanol has been used in the previous step. This is 
because the iodixanol solution offers proper density of the buffer solution which enables the bundles with 
larger density to be settled down and most of the individual SWCNTs stay on the top of it. Those results 
indicate that density gradient centrifugation with proper buffer solution is one efficient way to remove 
bundles from the parent SWCNT solution and to improve the efficiency of separation. 
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Figure 5.12 UV-Vis spectra of sc-SWCNTs sorted out from p-SWCNT dispersion purified after density 
gradient centrifugation. All spectra are normalized by setting the maximum value of the semiconducting peak to 1, 
for making a straightforward comparison. The p-SWCNT dispersions are purified by density gradient centrifugation 
using buffer layer containing iodixanol with concentrations in 15w/v (sample a), 20w/v (sample b), 25w/v (sample 
c), 30w/v (sample d), 35w/v (sample e). 
5.2.6 Second iteration of separation 
A second separation is performed using the collected sc-SWCNT enriched dispersion to explore the 
possibility of improving the purity of semiconducting species by multiple cycle separation. The collected 
sc-SWCNTs were extracted from the dispersion by long-time ultracentrifugation as a paste and again 
dispersed in 1wt% SC solution using sonication for 20 min. Residual SDS covered on the surface of 
nanotubes are replaced by SC. By repeating the chromatography process, the input dispersion are 
successfully separated into two phases with pink and blue colors respectively. In Fig. 5.13,  those two 
phases show more discrete boundaries comparing to the case in the first separation, and no residual dirties 
are observed in the used gel, both because carbonaceous  impurities and small bundles have been 
efficiently removed in the first separation process. UV-Vis spectra show that the metallic nanotubes are 
enriched in the blueness phase and the purity of sc-SWCNTs are enriched in the other phase. Using the 
previous methods based on UV-Vis spectra, calculation show that the maximum purity of the sc-SWCNT 
increases from 80% to 95%. Theoretically, more iteratous of separation can be performed using the same 
protocol. But this process is quite time-consuming and may cause more defects on the SWCNTs, so only 
two times of separation have been performed in this work. 
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Figure 5.13 Efficiency of multiple cycle (2nd time) separation evaluated by the UV-Vis spectra of SWCNT 
dispersions. a) Spectra of metallic and semiconducting SWCNT enriched dispersion after 2nd time separation. b) 
Comparison of spectra of p-SWNCTs, sc-SWCNTs enriched by first separation and second separation. 
5.3 Chapter summary  
A gel chromatography method is developed to sort out high purity (up to95%) sc-SWCNTs from large-
diameter (1.2-1.8nm) pristine SWCNTs produced by arc-discharged method. Long-time sonication and 
ultracentrifugation are employed to efficiently disperse SWCNTs in aqueous solutions. 5 types of 
surfactants are tested here to prepare high quality dispersion containing high fraction of individual 
SWCNTs. A competing surfactant system has been developed to realize efficient electronic type 
separation using SC solution as the dispersant agent and SDS solution as the buffer solution in gel 
chromatography column.  A maximum purity of sc-SWCNTs, 80% is achieved after 1st separation, 
showing not obvious improvement by tuning the ratio between surfactants, and pH value. A density 
gradient centrifugation process is able to further remove small bundles from the as-prepared dispersion, 
and thus improve the purity to ~95%. Meanwhile, the purity can be also increased to the same level by 
applying the 2nd separation process. 
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Chapter 6 p-type doping of sc-SWCNTs 
6.1 Introduction  
SWCNTs show p-type thermoelectric properties which can vary depending the fractional of 
semiconducting species and also the unintentional doping by the physisorption of gas molecules, such as 
oxygen and water molecules from air. The thermoelectric performance of sc-SWCNT thin films 
containing varied semiconducting fractions has been evaluated in different environments, including 
elevated temperatures and/or low pressures. Effects of p-type doping on the performance has been 
systematically investigated in order to fully realize the potential of sc-SWCNTs as p-type thermoelectric 
components. 
All films are annealed in hydrogen atmosphere at 400°C in order to remove functional groups which are 
typically presented at commercial SWCNTs due to the purification process. Increasing the fraction of sc-
SWCNTs leads to monotonic increase of the Seebeck coefficient ranging from 20 to 125 μV/K. 
Thermoelectric parameters of as-prepared sc-SWCNT films are measured in low pressure at chosen 
temperatures. The data show that a gas desorption process happens faster for semiconducting nanotubes 
comparing with the pristine SWCNTs in control groups. Without any extra doping, the sc-SWCNT films 
are converted to n-type materials after the gas desorption, showing outstanding negative Seebeck 
coefficient -133 μV/K and power factor 55μW/mK2.   
Air plasma is employed to perform the p-type doping of SWCNT thin films via oxygen functionalization. 
Characteristic features of SWCNTs in UV-Vis spectra become weaker after the plasma exposing, due to 
two etching effect. Air plasma treatments with proper duration lead to an increase of Seebeck coefficient, 
electrical conductivity and thus thermoelectric power factor up to 190 μV/K. The results show great potential 
of the sc-SWCNTs in thermoelectrics, and the effect of the air plasma treatment is a promising p-type 
doping method. 
6.2 Thermoelectric performance of sc-SWCNTs 
6.2.1 Semiconducting fraction dependence of Seebeck coefficient  
Generally, SWCNTs produced by arc-discharge technique contain large amounts of catalyst particles and 
amorphous carbon, both can be removed by wet chemical treatment, using H2O2 and HCl or H2O2 and HNO3 
for example. However, the reactions in this process also modify the carbon nanotubes with various functional 
groups which cause inhomogeneous doping effects and confusing results of electrical measurements. 
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Here, before electrical measurements, an annealing process is applied to remove functional groups which 
are typically presented at commercial SWCNTs due to the purification process.  The thin film samples are 
prepared by vacuum filtration of dispersions containing different fraction of sc-SWCNTs. The thickness 
of the film was controlled by tuning the volume and concentration of filtrated SWCNT dispersion. The 
films were annealed at 400°C in hydrogen atmosphere for 15 min. Table 6.1 shows results of elemental 
and electrical characterization of the samples before and after the annealing process. XPS analysis show 
that the O/C ratio is dramatically reduced from 0.15 to 0.03, indicating that almost all oxygen have been 
efficiently removed. Meanwhile, slightly decreased S and σ are detected for all samples after this 
reduction process. 
Table 6.1 O/C atomic ratio, Seebeck coefficient and electrical conductivity of p-SWCNT samples before and 
after annealing. 
 O/C ratio 
Seebeck coefficient 
(μV/K) 
Electrical conductivity 
(S/m) 
Before annealing 0.15±0.05 41±1.6 10751±391 
After annealing 0.03±0.05 33±1.1 7668±665 
 
 
Figure 6.1 Semiconducting fraction dependence of Seebeck coefficient, S. 
Thermoelectric measurements are performed on thin film samples made of SWCNTs collected from the 
parent dispersion, metallic enriched dispersion after the 1st separation, semiconducting enriched dispersion 
after 1st separation and semiconducting enriched dispersion after the 2nd separation, respectively. The 
Seebeck coefficient value and semiconducting fraction show roughly an exponential relation. As the 
semiconducting fraction is increased, the Seebeck coefficient is monotonically increased from 20 µV/K at 
45% to 125 µV/K at 95%.  The high S value is comparable to that of optimally doped Bi2Te3 and is one of 
the highest among carbon nanotube films or mats, to our best knowledge. The S value of p-SWCNT film 
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is between those for 0 and 100% of sc-SWCNT fraction, and is slightly lower than those reported for 
SWCNT samples, as the employed SWCNTs have lower semiconducting fraction (55%) than usual 
(65%). As the ZT value of materials are proportional to the square of their Seebeck coefficient, the largely 
enhanced Seebeck coefficient would greatly contribute to their thermoelectric performance. 
6.2.2 Ambient effect on thermoelectric properties 
 
Figure 6.2 Seebeck coefficient, electrical conductivity and thermoelectric power factor of p- and sc-SWCNTs. 
The samples have been measured in ambient condition and also in low pressure (10-2 -10-3 mbar) and chosen 
temperatures up to 220 oC. 
Carbon nanotubes show p-type characteristics in air due to the surface physisorbed gases, such as oxygen 
and water molecules.174 Electrical properties of SWCNT networks can be strongly affected by oxygen and 
air humidity under ambient conditions. sc-SWCNTs show different electronic structure and behavior in 
gas absorption/desperation, but the ambient effects on their thermoelectric performance have not yet be 
investigated. Therefore, ambient effect on thermoelectric properties of sc-SWCNTs has been systemically 
investigated here, offering experimental results for the subsequent thermoelectric applications of sc-
SWCNTs in different working environments. 
Thermoelectric performance of the as-prepared thin films is evaluated in air and in low pressure at 
programed temperatures, as shown in Fig.4. The p-SWCNT samples have low S and low S2σ of 
6.5µV/mK2 in ambient condition. As expected, the films of the sorted sc-SWCNTs show a significantly 
improved S (125µV/K) and thus more than ten-fold larger S2σ value (95µV/K) as compared with the p-
SWCNT films, although the p-SWCNT films have slightly higher σ. Here, the higher σ of p-SWCNT 
films is because the sorted semiconducting nanotubes have shorter length than the p-SWCNTs. However, 
the sc-SWCNTs show less stable thermoelectric properties comparing to the p-SWCNTs. In low pressure, 
the S of both kinds of the nanotubes gradually decreases from positive to negative, because physisorbed 
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electron acceptors, such as H2O and O2 molecules are removed from the nanotube walls and the majority 
charge carriers are changed from holes to electrons. 172175 In line with this fact, the σ of films first 
decreases due to the lowered hole charge carrier concentration and then increases as more electrons are 
conducting current. Significant decease of both S and σ of sc-SWCNTs happens at 100 oC, and 80% of 
their power factor has been lost during this stage. The thermoelectric parameters of the p-SWCNTs have 
not been changed until 125oC. This is consistent with previous report that sc-SWCNTs have a lower 
barrier and to gas absorption and desorption.176 These results indicate that ambient condition of sc-
SWCNTs needs to be taken into account for further research and subsequent use in context of 
thermoelectric applications. Although the p-type properties rapidly recover to previous level after several 
hours in air at room temperature, this gas desorption process offers a chance to explore the potential of sc-
SWCNTs as n-type thermoelectric materials, without using any extra dopants that may cause uncontrolled 
results. The degassed sc-SWCNT films show an outstanding negative Seebeck coefficient of -133 μV/K 
and power factor of 55μW/mK2 with a still increasing trend at the highest temperature here. It is also 
noticed that, after being converted to n-type materials, the σ values of sc-SWCNT films have relative low 
σ values in comparison to that of p-SWCNTs. Tunneling spectroscopy measurements show that 
semiconducting nanotubes inside bundles show more pronounced band gap after gas desorption.74 This 
may negatively affect the tunneling current between contacting nanotubes. 
6.3 p-type doping of SWCNTs with air plasma treatment 
6.3.1 Optical characterization 
Fig. 6.3 shows the spectra of one sample after different plasma exposure times. SWCNTs have optical 
absorption bands in UV and Visible light ranges due to the electronic transitions between mirror image 
van Hove singularities above and below Fermi level.176 Those van Hove singularity peaks (S11, S22, 
andM11) gradually decay over the plasma treatment process caused by the etching effect, as schematically 
illustrated in Fig. 43. The changes of the spectra indicate that most of the SWCNTs inside the films have 
been functionalized after exposing time of 30s. As the time is further increased to 60s, parts of the 
SWCNTs are destroyed and the thickness of the SWCNT films are reduced, resulting in decreasing of 
overall optical absorbance. 
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Figure 6.3 Effects of air plasma treatment on optical absorbance of SWCNTs in UV and Visible range and the 
position of Fermi level (Ef). 
6.3.2 Thermoelectric measurements 
  
Figure 6.4 Effects of air plasma treatment on the thermoelectric properties of sc-SWCNT thin film samples. 
Thermoelectric properties of the sc-SWCNTs for different exposing times have been measured and  are 
presented in Fig.6.4. Short-time plasma treatment for 20s shows minimal influence on the electrical 
properties of carbon nanotubes. Within the range of error of the empolyed measurement system, all three 
thermoelectric parameters, namely Seebeck coefficient, electrical conductivity and power factor show 
likewise increasing trends, indicating neglectable disturbance on the electronic structure of sc-SWCNTs, 
as short-time plasma exposure functionalizes the films to a limited distance from the surface. With 
increasing the exposure time, thickness of the films is decreased and more nanotubes inside the films are 
functionalized layer by layers. Two factors need to be considered which influence the electrical 
conductivity. Oxygen-containing functional groups extract electrons, which leads to an increase in the 
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electrical conductivity due to increase of hole concentration and decrease in the contact resistance between 
the nanotubes. Meanwhile, intensive chemical adsorption destroys the extended electronic π-system, 
thereby disrupting the translational symmetry and changing the electronic structure of the SWCNTs. 
When the exposure time is doubled, the conductivity of the films are nearly unchanged due to these two 
competing effects. On the other hand, Seebeck coefficient of the samples is gradually increased from 125 
to ~155 μV/K, as the Fermi level has been shifted downward in the electronic structures of the SWCNTs. 
As a result, the thermoelectric power factor of the sc-SWCNT films is efficiently increased approaching 
200 μV/mK2. Lastly, the exposure time has been increased to 60s. This long-time treatment cause further 
increasing of Seebeck coefficient to ~170 μV/K. However, electrical conductivity decease by one order of 
magnitude has been detected, due to a serious destruction of the SWCNTs and the network structures. 
Therefore, the power factor has been also deceased in one order of magnitude. Thus, a proper exposure 
time is important for improving the thermoelectric properties of SWCNTs with air plasma treatment.  
6.4 Chapter summary  
This work has elucidated ambient effects on the thermoelectric performance of SWCNTs and 
systematically investigated the thermoelectric properties of sc-SWCNTs doped via air plasma treatment in 
different time. 
All films were first annealed in hydrogen atmosphere at 400°C in order to remove functional groups 
which caused slight decrease of both Seebeck coefficient and electrical conductivity. Increase of the 
fraction of sc-SWCNTs leads to a monotonic increase of the Seebeck coefficient from 20 to 125 μV/K. 
Thermoelectric parameters of as-prepared sc-SWCNT films are measured in low pressure at chosen 
temperatures. The sc-SWCNTs exhibit a stronger susceptibility to the surrounding gas as compared with 
p-SWCNTs. 80% of their power factor has been lost after initial desorption of oxygen or water. Further 
gas desorption converts sc-SWCNT films to be high-performance n-type materials with S= -133 μV/K and 
S2σ of 55μW/mK2. Exposure in air plasma functionalizes SWCNTs with oxygen group. Characteristic 
peaks of SWCNTs in UV-Vis spectra have been reduced after the plasma exposure, due to two 
nonexclusive effects referring to the shifting down of Fermi level. Air plasma treatment with a duration of 
40s leads to the increase of Seebeck coefficient, electrical conductivity and thus thermoelectric power 
factor up to 190 μW/mK2. The results show a great potential of the sc-SWCNTs in thermoelectric 
applications and the air plasma treatment as an efficient p-type doping method. 
  
   n-type doping of sc-SWCNTs 
81 
Chapter 7 n-type doping of sc-SWCNTs  
7.1 Introduction 
sc-SWCNTs have nearly equivalent electron and hole effective masses (ca. 0.3–0.5 me), allowing them to 
be well employed in the fabrication of  either p-type or n-type “legs” with high power factors (S2σ), which 
are both required for thermoelectric devices.149 In the following chapter, two n-type doping methods have 
been performed on the sorted sc-SWCNT films and the thermoelectric performance have been evaluated. 
Firstly, the sc-SWCNT films have been doped by noncovalent modification with alkali salt/crown ether 
complexes. However, the sc-SWCNTs show p-type character in air after doping in the same way as 
previously established for p-SWCNTs. vary recently, comparable work has been very recently published 
following the same protocol. It is indicated that n-type properties are achieved in nitrogen atmosphere but 
are deteriorated on a time scale of minutes in air.128 Thus, exploring alternative n-type doping strategies of 
sc-SWCNTs is necessary. 
Therefore, we explore an n-type doping strategy of sc-SWCNTs by covalent functionalization in ammonia 
plasma, and elucidate the effect of air exposure on thermoelectric properties of the sc-SWCNTs after the 
doping. Optical and elemental analysis are used to optimize the exposing time in ammonia plasma by 
tracing two simultaneously happening processes, functionalizing and etching. Raman scatting and 
thermoelectric measurements confirm that the carbon nanotube films are n-type doped after 
functionalization. The doped carbon nanotubes with polar functional groups on the surface absorb 
moisture from air, which causes a competing p-type doping effects. The absorbed water is detached from 
the samples in low pressure or in air at a temperature slightly higher than the boiling point of water. 
Consequently, the doped films show lowest negative Seebeck coefficient of -80 μV/K in air at 110oC, 
which is one of the best values ever reported for n-type carbon nanotube films.  
7.2 n-type doping of sc-SWCNTs by ordinary salt and crown ether  
The sc-SWCNT films are doped by 18-crown-ether-salt complex or TMAOH, using the same protocol 
developed on p-SWCNTs in chapter 4. Fig. 7.1 shows the thermoelectric parameters measured before and 
after doping. Using 18-crown-ether-salt complex as dopants, Seebeck coefficient of the sc-SWCNT films 
is reduced from 125 μV/K to 40 μV/K, indicating that the main charge carriers are still holes. In the 
meantime, a smaller electrical conductivity with larger variation is observed in comparison with the 
unhoped film. This is because of two reason: (a) The amount of hole charge carriers is decreased by the n-
type doping; The surface of SWCNTs in the networks is covered by the applied dopants, and the tunneling 
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current between neighbored nanotubes are partially blocked, which is typical for the case of doping 
SWCNTs with polymers or molecules.  Consequently, a reduced power factor smaller than 1 μW/mK2 is 
obtained. In the case of TMAOH, even less n-type doping effects have been observed. The Seebeck 
coefficient remains almost the same value but the electrical conductivity has been largely decreased also 
due to the coverage with dopants, both leading to the power factor decreased by hundred times. 
 
Figure 7.1 Thermoelectric properties of sc-SWCNT films before and after n-type doping. 
Although being doped in the same way, less effective n-type doping have been achieved for sc-SWCNTs 
in comparison of p-SWCNTs. The same phenomena has been reported in a comparable work. Very 
recently, sc-SWCNT films have been converted into n-type form by noncovalent modification with alkali 
salt/crown ether complexes, showing negative S value about -50 μV/K in air with a Al2O3 
encapsulation.130 This research showed that several formerly reported n-type dopants, including  crown 
ether/salt complexes,149 viologens, indoles, metallocenes, phosphine ligands,177 and ethyleneimines could 
not lead to large, air-stable negative S value for sc-SWCNTs. n-type properties can be achieved in 
nitrogen atmosphere but are deteriorated on a time scale of minutes in air.178 We assumed that this may be 
due to residual surfactants (SDS) on the surface of the sc-SWCNTs from the separation process.  In this 
case, exploring alternative n-type doping strategies of sc-SWCNTs is necessary. Meanwhile, the 
unintentional doping effect from ambient gases deserves to be carefully investigated. 
7.3 n-type doping of SWCNTs with ammonia plasma treatment 
Plasma treatment is an efficient way to tailor the chemical, optical and electrical properties of carbon 
nanotubes, as the highly reactive plasma based on different kinds of feeding gases can functionalize 
chemically inert structures in a controllable manner.179 Efforts have also been made to tailor the 
thermoelectric performance metrics of SWCNTs by plasma treatments. ZT value of SWCNT bucky paper 
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is enhanced more than ten times after argon plasma treatment, mainly due to the change of charge carrier 
concentration.177 Meanwhile, dry functionalization and doping of SWCNT thin films by oxygen plasma 
could significantly increase their electrical conductivity.180 Considering that plasma treatment using 
specific feeding gases,  such as ammonia and nitrogen are able to add electron donating functional groups 
to nanotube walls and even implant nitrogen heteroatoms inside the graphic lattice, they have large 
potential for n-type doping of SWCNTs. 11217674 
7.3.1. Optical and elemental characterization 
 
 
Figure 7.2 Variation of optical absorption, elemental properties and thickness for sc-SWCNT films treated by 
ammonia plasma at 800W for 0 to 480s. (a) Photopictures and UV-Vis absorption spectrum for the sc-SWCNT 
films treated by ammonia plasma at 800W for 0 to 480s. (b) C1s XPS peaks for 80s plasma treated sc-SWCNT film. 
(c) Variation of atomic ratio and thickness for the thin films over the ammonia plasma treatment time. 
NH3 plasma treatments with an input power of 800W are applied to the SWCNT thin films for 0-480s. 
After the treatment, changes on the color of the films are first noticed, due to etching as the thickness of 
the films has been decreased. A spectrophotometer is employed to measure their optical absorbance in 
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detail. As shown in Fig.7.2, SWCNTs have optical absorption bands in the UV and Visible light range due 
to the electronic transitions between mirror image van Hove singularities above and below Fermi level.176 
The highly purified sc-SWCNT films show no detectable absorbance features (M11) of metallic SWCNTs 
and prominent peaks (S22, S33) corresponding to electronic transitions of various semiconducting species, 
before any treatment is performed. Those peaks gradually decay over the plasma treatment process mainly 
caused by film etching. XPS results show that the treated nanotubes are covalently functionalized with 
nitrogen and oxygen containing groups. As shown in Fig.7.2, the XPS spectrum of the untreated samples 
shows a main C1s peak corresponding to sp2 and sp3 C-C bonds and several shoulder peaks with chemical 
shifts of 2-6 eV. The shoulder peaks are attributed to C-O bonds which are caused by residual oxygen 
functional groups on the nanotube wall, although the samples have been annealed at high temperature in 
hydrogen in advance. After exposing to the plasma for 80s, one shoulder peak located at ~286eV becomes 
more pronounced and the other peaks remains nearly the same. The increased peak arises from both 
nitrogen and oxygen containing groups induced by the plasma due to a similar chemical shifts of C-O and 
C-N bonds. 181 Here, oxygen might have two origins: presence of residual oxygen molecules in a plasma 
reactor and post-reactions taking place on defects when the treated samples are once exposed to the air. 
The atomic composition of nitrogen and oxygen are shown in Fig.7.2. O/C ratio 0.03 is measured for 
untreated SWCNT films and it gradually increases to 0.05 until 480s. The N/C ratio jumps from zero to 
0.05 after a short-time treatment and slightly decreases to 0.03 until 480s. SWCNTs can be modified by 
nitrogen in several possible configurations. Among them, amine (-NH2) groups and quaternary nitrogen 
heteroatoms have been proved to be electrons donors (n-type dopants) for carbon nanotubes. 140,179  As a 
surface sensitive measurement technique, XPS indicates that the several nanometers thick layer at the top 
of films has been fully functionalized after 80s. Further plasma treatment would functionalize more 
nanotubes inside the films, although the films are partially destructed during this process. Looking back at 
Fig7.2,it can be noticed that the overall absorbance of the films decreases in the whole detected range, 
indicating that thickness of the SWCNT films are reduced. As the plasma exposing time is increased, the 
thickness is gradually decreased from 160 to 60nm.  
7.3.2. Structural characterization 
Raman measurements are performed to monitor structural defect generation and also the doping effects on 
the top layer of the films during the plasma treatment process. Fig.7.3 demonstrates the first-order Raman 
spectra of sc-SWCNT films treated for 0-480s with ammonia plasma. The characteristic Raman feature of 
SWCNTs is redial breathing mode. The RBM of the as-prepared films has one asymmetric peak at around 
175 cm-1, suggesting that the employed SWCNTs have relative large diameters and a narrow diameter 
distribution (1.5-1.7nm).182 Meanwhile, the Raman spectra show visible D band (~1350 cm−1) induced by 
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disorders and prominent G band (~1600 cm−1), which indicates small amount of the defects in sc-
SWCNTs due to the sorting process. The peak of RBM is significantly compressed when plasma exposing 
time is increased to 160s. The main part of the peak gets weaker and a shoulder part at lower Raman shift 
(referring to large-diameter nanotubes) becomes visible, which confirms a fact that SWCNTs with smaller 
diameters are more reactive and therefore are mostly affected with ammonia plasma. 141,183With a further 
increase of ammonia plasma treatment time, this compressed shape stays the same. Similarly, the IG/ID 
ratio (the intensity ratio of the D peak to the G peak) shows a step-like increase between 80 and 160s and 
then remains at almost the same value, as shown in Fig.2b. This also indicates that the structural 
modification of the tubular structures happens after 80s and gets saturated quite fastly for SWCNTs in the 
top layer of the films. With expanding the plasma exposure duration, the films will be etched layer by 
layer. Furthermore, it is found that the G band is slightly downshifted for all plasma treated samples, 
which has often been observed for the n-type doped SWCNTs.149,174    
 
Figure 7.3 (a) First-order Raman spectrum of sc-SWCNT films treated in ammonia plasma for 0-480s. (b) 
Effect of charge-transfer doping and plasma etching on the IRBM/IG, ID/IG and G+ peak position of sc-
SWCNTs. The data were collected using the 2.34eV excitation energy (532nm).  
7.3.3. Thermoelectric properties of ammonia plasma treated SWCNTs  
S and σ of ammonia plasma treated samples are first measured at room temperature in air, as shown in 
Fig.7.4. As the plasma exposure time is increased, the S values of both p- and sc-SWCNT films are 
systematically reduced but are still positive. This means that more and more SWCNTs inside the films 
have been functionalized with electron donating groups, but the whole films are still p-type materials. In 
the same time, the σ values of the both kinds of films are largely decreased due to the deceasing of hole 
charge carrier concentration and also the introduction of structural defects which act as charge carrier 
scatters. The longest plasma treatment (480s) causes serious damages on both p- and sc-SWCNT films so 
that their σ values are decreased by1-2 order of magnitudes. Being illuminated by previous results on gas 
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desorption, effects of the surrounding medium on the thermoelectric performance of both kinds of films 
has also been investigated, as shown in Fig.7.4. Interestingly, both kinds of nanotube films immediately 
convert to n-type materials being put in low pressure condition. The S value of measured sc-SWCNTs is 
gradually reduced to -80µV/K after 100 minutes. The σ values of sc-SWCNTs vary in small range in line 
with the change of concentration of charge carriers. As it is already known from previous experiments, 
physisorbed oxygen cannot be efficiently removed by the applying low pressure without heating. Here, the 
conversion of the treated SWCNTs is caused by desorption of moisture from SWCNTs.128 The plasma 
introduced polar functional groups on the surface of SWCNTs have strong ability to absorb H2O 
molecules from air. The p-type electronic characteristic is recovered when the samples are exposed to lab 
air.  After 80 minutes, the S and σ of the samples reach the same level they had before the degassing 
procedure at low pressure. Meanwhile, it is found that heating those samples to more than 110oC can 
efficiently remove most parts of the absorbed moisture in a shorter time (60min). The SWCNTs show very 
similar thermoelectric performance after this heating process compared to the case of low pressure 
treatment.  
 
Figure 7.4 (a) Seebeck coefficient and electrical conductivity at room temperature in air for the sc-SWCNTs 
and p-SWCNTs treated in ammonia plasma from 0 to 480s. (b) Dependence of Seebeck coefficient and 
electrical conductivity on measurement conditions for the films treated in ammonia plasma for 300s. Pressure 
of the low pressure condition is 10-2 -10-3mbar. 
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Figure 7.5 (a) Seebeck coefficient, electrical conductivity and thermoelectric power factor measured at 110oC 
in air for p- and sc-SWCNT films treated in ammonia plasma with an input power of 800W for different time 
and (b) sc-SWCNT films exposed in ammonia plasma with controlled generating power and durations. 
The generating power and exposure time of ammonia plasma are tuned, in order to get efficient 
functionalization without serious damaging the films. Milder plasma and longer exposing time are 
expected to be helpful. So the generating power has been further tuned to be 400 and 200W, meanwhile, 
the corresponding time of the treatments have been set to be 600 and 800s respectively. However, it is 
found that the sc-SWCNTs are more efficiently n-type doped by plasma with high generating power in our 
case. Reducing the input power of the treatments causes decreased absolute value of S and S2σ for the n-
type sc-SWCNT films. The reason for that will be further investigated to get better understanding of the 
physical and chemical processes in the plasma treatment. The n-type doping effects gradually disappear 
after a month in air, which suggest that an air-tight encapsulation for the samples is need for subsequent 
application. 
7.4 Chapter summary 
The goal of this work was to develop a feasible n-type doping strategy and to explore the potential sc-
SWCNTs as n-type thermoelectric materials.  
Firstly, the sc-SWCNT films have been doped by noncovalent modification with alkali salt/crown ether 
complexes. However, the SWCNTs show p-type transport character in air after doping in the same way as 
previously established for p-SWCNTs. It has been reported that n-type properties of sc-SWCNTs can be 
achieved by doping with alkali salt/crown ether complexes in nitrogen atmosphere but are deteriorated in a 
time scale of minutes in air.130 Attempts to use several formerly reported n-type dopants, including  crown 
ether/salt complexes,184 viologens, indoles, metallocenes, phosphine ligands,183 and ethyleneimines did not 
show large, air-stable negative S value for sc-SWCNTs. 
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Ammonia plasma treatment is employed to realize stable n-type doping for sc-SWCNTs motivated by the 
p-type doping effects of air plasma treatment and published results which tailors the electrical properties 
of SWCNTs by Ar plasma or Ozone exposure. The samples are exposed for 80-480s in ammonia plasma. 
XPS, UV-vis and Raman results indicate that the films are gradually n-type doped as the ammonia plasma 
treatment proceeds. However, long exposure time also leads to an etching of the films layer by layer. The 
polar functional groups on the nanotube walls absorb moisture from air, which cause a competing p-type 
doping effect. The absorbed moisture can be detached at low pressure or in air at a temperature slightly 
higher than the boiling point of water. Consequently, the best doped films show Seebeck coefficient -80 
μV/K in air at 110oC. In addition, milder ammonia plasma treatments with elangated exposure times are 
also tested for the doping. But it is found that only high input power leads to efficient n-type doping of the 
carbon nanotubes. It is expected that further optimizing the parameters of ammonia plasma treatment 
would lead to an efficient way for n-type doping strategy which can used be as an independent or 
supplementary way for preparation of sc-SWCNT based n-type thermoelectric components.  
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Chapter 8 Applications of tailored SWCNTs 
8.1 Introduction 
Inspired by the promising electrical properties of the tailored SWCNT materials, driven by a better 
fundamental understanding of their physical properties, a flexible thermoelectric modules as well as 
SWCNT reinforced conducting polymer composites have been fabricated by using highly conductive 
boron doped SWCNTs.  
Flexible and light-weighted thermoelectric generators are need for in many applications. For instance, 
autonomous sensors are expected to play an important role in a wide spectrum of applications such as 
medical monitoring, emergency response, and industrial and environment controls. However, it is 
challenging to maintain a large number of sensor units widely spread in wearable systems, smart vehicles, 
and industrial monitoring systems in hard to access or dangerous locations. Thus, a self-powered and self-
sustaining unit sensor system that can perform functionally without changing batteries which utilises 
energy-harvesting modules such as solar cells, vibration-based energy harvesters, and thermoelectric 
generators (TEGs) is highly desired. Among them, the TEG is one of the promising candidates for 
realizing a self-powered sensor system because it contains no moving parts working in silence and high 
reliability during long-lasting and autonomous operation. A printable “uni-leg” thermoelectric module has 
been designed, which has the advantage of a high number of thermocouples per area resulting in high 
output voltages per area. Additionally, a vertical TEG design allows these strips to be cut easily into 
desired form/contour in order to match non planar heat sources. The flexible TEG consists of B-SWCNT 
films as “p”-legs and silver patterns as connecting electrodes, which both deposited on a polyimide film. 
The B-SWCNTs have been deposited by ink printing, a low-cost manufacturing method to replicate the 
hundreds of thermocouples required in a TEGs. At temperature difference of 60 K, the output voltage 
reaches 20 mV and the power output of 400 nW  is obtained, although no “n”-legs are used in this module.   
The second part of this chapter is focused on the development of melt mixed composites as TE materials, 
in which a common thermoplastic material, namely polypropylene (PP), was used as the matrix. Most of 
reported work on carbon nanotube/polymer composite is based on solution mixing. Only few papers 
focused on melt mixed polymer/CNT composites for TE application even though the melt mixing 
technique can be easily scaled up to current industrial large scale fabrication and prevents the usage of 
solvents. A percolation threshold lower than 0.25wt. % and a maximum conductivity up to 125S/m at 
5wt.% of SWCNT loading have been achieved, which is attributed to the homogeneous dispersion of the 
SWCNTs fillers and the extraordinary high electrical conductivity of the B-SWCNTs. The maximum 
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conductivity is more than two times higher than that of the composites fabricated with un-doped SWCNTs 
as fillers.  
8.2 Design and fabrication of flexible thermoelectric modules  
Printable “uni-leg” thermoelectric generator (TEGs) of the total length of 253mm has been designed with 
253mm in length, having 61 unicouples, as schematically shown in the insert in Fig.8.1. B-SWCNTs have 
been used as “p”-legs. Silver electrodes with small positive S (6 μV/K) and high electrical conductivity 
are employed to connect those “p”-legs. The printed leg length of each unicouple is 10 mm and the width 
is 1 mm. Such bendable strips could be either implemented as rigid TEGs or coiled up like scotch tape. 
The design have the advantage of showing a high number of thermocouples per area resulting in high 
output voltages per area. Additionally, a vertical TEG design allows these strips to be cut easily into 
desired form/contour in order to match non planar heat sources. 
 
Figure 8.1 Calculated open circle voltage of the printed flexible TEG based on B-SWCNTs. Insert is the 
configuration of the TEG.   
Considering the Seebeck coefficient of the applied materials and configuration of the TEG, the theoretical 
voltages generated in open circle (VTH) have been firstly calculated according to Eq. 8.1. 
𝑉𝑇𝐻 = n(𝑆𝑆𝑊𝐶𝑁𝑇𝑠 − 𝑆𝐴𝑔)∆𝑇                                                 (8.1) 
where n is the number of thermal couples, S is the Seebeck coefficient and ΔT is the temperature 
difference over the length of the thermal legs. An increasing trend of the output voltage by improving the 
temperature gradient is shown in Fig. 8.1. At ΔT= 60 K, the output voltage reaches 90 mV. 
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Figure 8.2 Photopictures and thermoelectric performance of the printed TEG. a) Photopictures of SWCNT 
powders, dispersion and ink printed flexible TEG. b) Measured open circle voltage of the TEG as a function of 
temperature difference. b) Calculated output power of the TEG as a function of load resistance. d) Output voltage 
and power output for printed flexible TEG under matched load.  
Grams of B-SWCNTs were synthesized at 1300°C with the former protocol and used for preparation of 
the TEGs by spraying dispersion of B-SWCNTs synthesized on a polyimide (Kapton) stripe with silver 
electrodes. Photopictures of SWCNT powder and dispersion and ink printed flexible thermoelectric are 
shown in Fig. 8.2a. 
The TEG strips were coiled up as a column and characterized. Comparing to similar modules that we 
formerly prepared with PEDOT polymers, the presented here TEGs show 7 times lower internal electrical 
resistance of 1000Ω, because of higher conductivity of B-SWCNTs and  lower contact resistance between 
carbon nanotubes and the electrodes.5 The actual open circuit voltages (VOC) of the TE modules were 
measured as a function of temperature differences between 10 and 60 K. An increasing trend of the output 
voltage by increasing the temperature difference is shown in Fig.8.2b. The VOC shows a measured value of 
40mV at ΔT =60K, which is comparable to the previous report of SWCNT based TEGs.5 However, the 
measured voltage is twice smaller than the calculated VTH of 90 mV at 60K, mainly because some 
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shortcuts existed between adjacent thermal legs in the prepared TEG, which will disfuction the thermal 
couples to which they belong. This problem can be fixed when design of the pattern of the silver electrode 
is further optimized. 
Output powers (P) of the TEG varied as different load resistances are connected. In particular, when the 
internal resistance (RI) equals the load resistance (RL), the output power versus RL reaches its maximum 
for a given number of p− n junctions. As RL increases above RI, the output power decreases gradually 
toward zero as RL= ∝. This behavior is the result of the dependence of output power on RL, as described 
by equation 8.2. 
𝑃 =
𝑉𝑂𝐶
2 𝑅𝐿
(𝑅𝐼+𝑅𝐿)
2 =
𝑉𝑂𝐶
2
(𝑅𝐼−𝑅𝐿)
2
𝑅𝐿
+4𝑅𝐼
                                              (8.2) 
Thus, P can be obtained as a function of temperature difference and load resistance, as shown by the peaks 
in Fig. 8.2c.  
As the load resistance is fixed to 100 Ω, the output voltage and power have been calculated. An increasing 
trend of the output voltage by increasing the temperature difference has been shown in Fig.8.2b. As 
expected, the TE module at room temperature shows reasonable output power. At ΔT=60 K, the output 
voltage reaches 20 mV and a power output of 400 nW is obtained, although no “n”-legs are used in this 
module.  
8.3 SWCNT reinforced conducting polymer composites  
Percolation threshold is determined by the type of carbon nanotubes, the type of polymer and most 
importantly the dispersion method. Experimentally, the observed percolation threshold, Φc for carbon 
nanotubes in a number of polymer matrics generally gives Φc~1/ŋ in the limit of aspect ratios ŋ, if the 
carbon nanotubes are homogenously dispersed in the polymer matrix. 5 A typical aspect ratio ~1000 for 
carbon nanotubes correspond to the value of ~0.1wt%. 185 
The electrical volume resistivity of directly mixed polypropylene (PP) / B-SWCNT composites, as shown 
in Table.8.1 illustrates a very low electrical percolation threshold. Comparing the initial resistivity of 1017 
Ohm/cm for pure PP polymer, at the lowest loading investigated, 0.25 wt. % of SWCNTs, the composites 
are already electrically conducting. This indicates the high aspect ratio of the employed SWCNTs and 
homogenous dispersion of the B-SWCNTs in the PP by using the melt mixing method. A comparable 
finding of such very low percolation was described in a study by Pötschke et al. on melt mixing PP 
composites containing un-doped TUBAL SWCNTs,  where a decrease of electrical surface resistivity was 
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found already at the load between 0.075 and 0.1 wt % of carbon nanotubes.186 Other authors found 
significantly higher electrical percolation thresholds for PP/ multi-walled carbon nanotubes composites. 
Table 8.1 Electrical conductivity of B-SWCNT reinforced polymer composites measured at different 
temperatures. 
Content of B-SWCNTs (wt. %) Temperature (oC) Conductivity (S/m) 
0.25 40 0.17 
 60 0.19 
 80 0.21 
 100 0.23 
0.5 40 1.4 
 60 1.51 
 80 1.55 
 100 1.55 
0.8 40 4.27 
 60 4.48 
 80 4.61 
 100 4.63 
1 40 8.26 
 60 8.47 
 80 9.01 
 100 8.7 
5 40 125 
 60 125 
 80 125 
 100 125 
 
Here, the electrical conductivity of PP composites increases with the CNT content.  The electrical 
conductivity achieved at the loading of 0.1 wt. % is already measurable by common four-point 
measurement reaching 0.17 S/m at 40 oC. The maximum electrical conductivity of 125 S/m achieved at 5 
wt. % load may not yet reach the conductivity plateau, and higher values may be achieved at higher loads. 
However, this value is sufficient for many applications. The conductivity of boron doped SWCNT 
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reinforced composites is higher than that of composites filled with un-doped SWCNTs from the same 
producer (@ 5wt% 53 S/m for pristine SWCNT vs. 125 S/m for Boron doped SWCNTs). 187 Thus, Boron 
doped SWCNTs are promising for enhancing the electrical conductivity (as compared to pristine 
SWCNTs). 
Additionally, the electrical conductivity of the samples has also been measured at chosen temperatures 
from 40 to 100oC. The conductivity of the sample has been increased with temperature very slightly when 
the load of the SWCNTs is low. As the loading is increased to 1wt.%, the conductivity becomes nearly 
unchanged under elevated temperature. This phenomena is consisted with reported observation that 
polymer composites made of the conductive fillers with high aspect ratios and small dimensions, typically 
carbon nanotubes have been demonstrated small positive temperature coefficient.173 
8.4 Chapter summary 
As the two proposed applications of the tailored SWCNTs, the prepared boron doped SWCNTs have been 
utilized as “p”-type conducting components in a flexible thermoelectric generator and in composites based 
on a thermoplastic polymer, namely polypropylene. 
A flexible thermoelectric module was fabricated by printing ink made of the prepared boron doped 
SWCNTs and organic solvent as an example for producing efficient all-carbon thermoelectric generators. 
The prepared TEG is highly bendable, showing advantages of a high number of thermocouples per area 
resulting in high output voltages per area. Additionally, a vertical TEG design allows these strips to be cut 
easily into desired form/contour in order to fit to non-planar heat sources. The performance of the TEG 
has been tested on a self-developed platform. At ΔT=60 K, the output voltage reaches 20 mV and the 
power output of 400 nW is obtained, although no “n”-legs are used in this module.   
Electrical conductivity has been measured for the melt mixed composites using thermoplastic PP as the 
matrix and fillers boron doped SWCNTs with their load changing from 0.25 to 5 wt.%.  Carbon nanotubes 
were homogenously distributed in the polymer matrix by the applied melt-mixing process, which leads to 
an electrical percolation threshold lower than 0.25wt. %. At 5wt.%, the boron doped SWCNTs lead to 
more than two times higher maximum electrical conductivity (125S/m) than those with pristine CNTs. 
The conductivity of the composite shows negligible positive temperature coefficient for the temperature 
range from 40 to 100oC  
   Conclusions and outlook 
95 
Chapter 9 Conclusions and outlook  
9.1 Conclusions  
In this work, several p-/n-type doping schemes and an electronic type separation strategy based on gel 
chromatography have been developed to customize the electrical properties of single-walled carbon 
nanotubes (SWCNTs) for several promising applications, particularly as p- and n-type components of 
TEGs. Extensive investigations have been conducted on the thermoelectric properties of the tailored 
SWCNTs, supported by theoretical calculation when it is necessary, and the boron doped SWCNTs (B-
SWCNTs) have been chosen to fabricate flexible thermoelectric components and also conducting fillers in 
polymer composites. 
In chapter 3, we have prepared B-SWCNTs with annealing of p-SWCNTs in molten B2O3. Morphology of 
the prepared B-SWCNTs are investigated by SEM and TEM, and their elemental composition are 
analyzed by XPS. SEM and TEM images show that parts of B-SWCNTs are damaged under the highest 
applied temperature (1350oC) and B2O3 and B4C impurities are present which can be subsequently 
removed by centrifugation process. Elemental analysis and Raman measurements show that a few tenths 
of at.% of substitutional boron atoms are efficiently implanted inside the lattice of the nanotubes in a 
narrow temperature range from 1200 to 1350oC. Films made of the doped tubes produced at 1300oC 
demonstrate simultaneously enhanced S and σ, resulting in the power factor up to 255µW/mK2. The 
dependence of thermoelectric metrics on the boron concentration is calculated. It is found that 
substitutional boron atoms are very efficient dopants for SWCNTs, and S value could be maximized by 
introducing only 0.1-0.2at. % of boron atoms. With such low concentration of heteroatoms inside the 
lattice, the scattering effect for the charge carriers can be ignored, so that the electrical conductivity of 
individual SWCNTs is not significantly affected. Moreover, the boron doping could also greatly reduce 
contact resistance at the junctions between metallic and semiconducting SWCNTs which contributes to 
increased electrical conductivity of percolating SWCNT networks. 
In chapter 4, two scalable doping schemes using nitrogen heteroatoms and crown-ether-salt complex as 
dopants have been explored respectively in attempt to realize efficient n-type doping for SWCNTs. 
Doping the SWCNTs with nitrogen heteroatom have been performed by using a hydrothermal reaction 
between (NH4)2CO2 as nitrogen source and SWCNTs which have been chemically activated by refluxing 
in pure nitric acid for 50h. Although the parameters of the hydrothermal reaction have been tuned 
carefully, Seebeck coefficient of the SWCNTs are slightly decreased from 25 to 10 μV/K, due to a limited 
n-type doping effect caused by the small percentage (up to 0.38at.%) of nitrogen heteroatoms and 
presence of oxygen fictional groups which work as p-type dopants in ambient condition. The doped 
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SWCNTs would show negative Seebeck coefficient when the effects of physisorbed oxygen or water from 
ambient condition have been eliminated. 
On the other hand, n-type doping has been performed by treatment of SWCNTs with potassium oxide and 
crown ether solution. SWCNTs were factionalized with the crown-ether-salt complex physisorbed on their 
surface forming n-type SWCNT hybrid materials. The hybrids show a negative Seebeck coefficient of -30 
μV/K and a slightly decreased electrical conductivity due the presence of bulky dopants in the SWCNT 
networks. A promising thermoelectric power factor of 50 μW/mK2 has been achieved, suggesting that 
physisorption of ordinary salts and crown ether is a simple and scalable way to realize n-type doping of 
SWCNTs for thermoelectric application. 
In chapter 5, a gel chromatography method is developed to sort out high purity (up to95%) sc-SWCNTs 
from large-diameter (1.2-1.8nm) pristine SWCNTs produced by arc-discharged method. Long-time 
sonication and ultracentrifugation are employed to efficiently disperse SWCNTs in aqueous solutions. 5 
different surfactants are tested here to prepare high quality dispersion containing high fraction of 
individual SWCNTs. A competing surfactant system has been developed to realize efficient electronic 
type separation using SC solution as the dispersant agent and SDS solution as the buffer solution in gel 
chromatography column.  A maximum purity of sc-SWCNTs, ~85% is achieved after 1st separation by 
tuning the ratio between surfactants and pH value. A density gradient centrifugation process is able to 
further remove small bundles from the as-prepared dispersion, and thus improve the purity up to 95%. 
Alternatively, the purity can be also increased to the same level by applying a 2nd separation process. 
In chapter 6, we elucidate ambient effects on the thermoelectric performance of SWCNTs and 
systematically investigated the thermoelectric properties of sc-SWCNTs doped via air plasma treatment 
for different time. sc-SWCNT enrichment leads to monotonic increase of the Seebeck coefficient ranging 
from 20 to 125 μV/K. Exposure in air plasma functionalizes SWCNTs with oxygen group. Air plasma 
treatments with proper duration (40s) leads to the increase of Seebeck coefficient, electrical conductivity 
and thus thermoelectric power factor up to 190 μW/mK2. The results show great potential of the sc-
SWCNTs in thermoelectrics and the air plasma treatment as p-type doping method. On the other hand, gas 
desorption convert sc-SWCNT films to be high-performance n-type materials with S= -133 μV/K and S2σ 
of 55mW/mK2. 
In chapter 7, an efficient n-type doping strategy is developed to explore the potential of sc-SWCNTs as n-
type thermoelectric materials. First, the sc-SWCNT films have been doped by noncovalent modification 
with alkali salt/crown ether complexes. However, sc-SWCNTs show p-type electronic character in air 
after doping, in the same way like previously established on p-SWCNTs. This may be due to the presence 
of residual surfactants from the separation process. As the second approach, ammonia plasma treatment is 
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employed to realize n-type doping for sc-SWCNTs. The samples are exposed for 80-480s in ammonia 
plasma, and the films are gradually n-type doped as the ammonia plasma treatment proceeds. But over 
long plasma treatment also leads to the etching of the films layer by layer. Attached polar functional 
groups on the nanotube walls absorb moisture from air, which causes a competing p-type doping effect. 
However, the absorbed moisture can be detached in a low pressure or in air at a temperature slightly 
higher than the boiling point of water. Consequently, the best doped films show Seebeck coefficient of -80 
μV/K in air at 110oC. Interestingly, a milder ammonia plasma treatments with longer exposing times is 
less efficient for n-type doping. It is expected that ammonia plasma treatment can become an efficient way 
for preparation of sc-SWCNT based n-type thermoelectric components. 
Thermoelectric parameters of the state-of-the-art SWCNT based materials and the doped SWCNTs in this 
work have been listed in Table 9.1. The best room-temperature inorganic thermoelectric materials, Bi2Te3 
alloys are also included as the benchmark. Main achievements in this work have been highlighted in the 
table.  
For p-type thermoelectric materials, the Bi2Te3 alloys are still the best-performance (S
2σ=4500 μV/K) 
materials. However, as flexible materials, SWCNT based materials have demonstrated dramatically 
increased power factor, S2σ in the past several years. Very recently, one kind of in-situ thin films prepared 
by floating catalyst CVD showed S of 88 μV/K, electrical conductivity, σ of 3200 S/cm and S2σ=2480 
μV/K which is approaching to that of the Bi2Te3 one. The films are consisting of both m- and sc-SWCNTs 
which are long and tangled together. This unique structure is believed to contribute to not only ultrahigh 
electrical conductivity but also a very good S value. However, the physical understanding for this 
abnormal phenomena has not been achieved up to now.188 Noticeably, such in-situ structures have an 
obvious drawback that they cannot be processed by solution-processing techniques, such as inject printing 
which is the routine way to prepare SWCNT based thermoelectric devices. In comparison, B-SWCNTs 
from this work show also ultrahigh electrical conductivity of 2740 S/cm but they can be easily processed 
in various solution. A relativly low S value of B-SWCNTs hinders a high power factor. However, the S 
value can be enlarged if the content of sc-SWCNTs in the raw SWCNT materials was increased. High S 
value of the sc-SWCNT enriched films has been achieved in others and this work. Especially in this work, 
oxygen plasma treatment leads to a similar p-type doping effect as the boron doping and a very good S of 
155 μV/K. It is believed that long and purified sc-SWCNTs doped with boron or air plasma treatment 
have a high potential to show thermoelectric properties better than those of floating catalyst CVD prepared 
in-situ SWCNT films and even Bi2Te3.  
For n-type materials, the power factor of n-type Bi2Te3 alloys is half of their p-type counterpart. In this 
case, in-situ SWCNT films carefully doped with polyethylenimine (PEI) have recently shown a power 
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factor slightly higher than that of the Bi2Te3. All n-type sc-SWCNTs listed in the table have absolute S 
value higher than that of the in-situ SWCNT films, showing high potential of sc-SWCNTs as n-type 
thermoelectric materials. Specifically, the sc-SWCNT films desorbed of O2/H2O molecules show lowest S 
value (-133 μV/K) ever reported for SWCNT based materials. The main task for the development of high-
performance n-type SWCNT thermoelectric material would be to prepare long and purified sc-SWCNTs. 
All presented results suggest that SWCNTs have emerged as viable alternatives to traditional inorganic 
semiconductors for thermoelectric applications. Our work offer several schemes for optimizing the 
thermoelectric performance of SWCNTs as both p-type and n-type materials. 
Table 9.1 Thermoelectric parameters of Bi2Te3 alloys, the best-reported SWCNT based materials and 
SWCNTs in this work. 
 
Materials 
S  
(μV/K) 
σ  
(S/cm) 
S2σ  
(μWm-1K-2) 
Flexibility 
(yes/no) 
Printable 
(Yes/No) 
Year 
[Ref.] 
p-
type  
Bi2Te3  
nanostructured alloy 
185 1250 4500 no no 
2008  
[189] 
Floating catalyst 
CVD  prepared in-situ SWCNT 
films 
88 3200 2480 yes no 
2016  
[190] 
B-SWCNT films 31 2740 255 yes yes 
This 
work 
sc-SWCNT films doped with 
OA molecules 
91 415 346 yes yes 
2016  
[108] 
Air plasma treated  
sc-SWCNT films 
155 65 155 yes yes 
This 
work 
  
n-
type  
Bi2Te3  
nanowire 
-200 500 2000 no no 
2011  
[191] 
Floating catalyst 
CVD  prepared in-situ SWCNT 
rope doped with PEI polymer 
−56 7850 2456 yes no 
2017  
[192] 
sc-SWCNTs doped with BV 
molecules 
−78.5 1190 730 yes yes 
2017  
[149] 
NH3 plasma treated  
sc-SWCNTs 
-80 2.2 1.2 yes yes 
This 
work 
sc-SWCNTs in low pressure 
(10-2-10-3 mbar) 
-133 30 55 yes yes 
This 
work 
*Triethyloxonium hexachloroantimonate (OA); Benzyl viologen (BV); Polyethylenimine (PEI). 
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Finally, in chapter 8, the prepared boron doped SWCNTs have been utilized as “p”-type components in a 
flexible thermoelectric generator and as conducting filler in composites based on a thermoplastic polymer, 
namely polypropylene. A flexible thermoelectric module was fabricated by printing ink made of the 
prepared boron doped SWCNTs in an organic solvent. The prepared TEG is highly bendable, showing 
advantages of a high number of thermocouples per area resulting in high output voltages per area. 
Additionally, a vertical TEG design allows the strips to be cut easily in desired form/contour in order to fit 
non planar heat sources. The performance of the TEG has been tested on a self-developed platform. At 
ΔT= 60 K, the output voltage reaches20 mV and the power output of 400 nW is obtained, although no “n-
legs” are used in this module.  For the second application, electrical conductivity for the melt mixed 
composites using thermoplastic PP as the matrix and fillers boron doped SWCNTs with their loads of 5 
wt.% is more than two times higher maximum electrical conductivity (125 S/m) than those with pristine 
CNTs..  The conductivity of the composite show negligible positive temperature coefficient at the range 
from 40 to 100oC, and electrical percolation threshold is lower than 0.25wt.% Both applications 
demonstrated here have high potential in flexible and wearable electronics. 
9.2 Outlook 
Our results indicate that doped SWCNTs, especially highly purified sc-SWCNTs are viable candidates for 
flexible thermoelectrics and a variety of electronic and optoelectronic devices. Films made of sc-SWCNTs 
with controlled doping level may potentially reach thermoelectric performance of traditional inorganics.  
Low-efficiency of the after-synthesis sorting process is the bottleneck problem of this issue, which may be 
solved by the combination of selective growth of SWCNTs and established sorting strategy. 3Arc-
discharge and CVD production of SWCNTs with preferred electronic type or even chirality have been 
demonstrated. Meanwhile, high-throughput electronic type separation protocols using gel chromatography 
or aqueous two phase separation have also reported.64 In this case, perhaps the full chirality control is 
close to being realised after all and benefiting the SWCNT thermoelectrics.   
Length distribution and morphology (i.e., bundle size, alignment, etc.) also play an important role for an 
optimized thermoelectric performance of the sc-SWCNTs. Considering the sorted sc-SWCNTs have 
generally been shortened during the dispersing process, emerging technology such as  
“cloning”  by CVD are promising to elongate the short  sc-SWCNT to provide the desired high electrical 
conductivity.66 Meanwhile, various technologies have been developed to prepare thin films with controlled 
alignments. Recently a simple method using vacuum filtration to prepare films of highly aligned SWCNTs 
in wafer scale has been reported, which is promising to be used in the field of thermoelectrics.61 
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What is more, strong ambient effects on electrical properties of sc-SWCNTs suggest that both p- and n-
type doping of nanotubes should be considered for their application in thermoelectrics. Bad air stability of 
the dopants, especially the n-type dopants and the deterioration of electrical conductivity are two main 
problems encountered for the doping of the SWCNT networks, using molecule dopants. Heteroatom 
doping are proposed to solve both problems. In this work we have demonstrate enhanced and more stable 
thermoelectric performance for boron doped SWCNTs, but inefficient n-type doping effect for nitrogen 
doped SWCNTs due to the low concentration of the quaternary N atoms. Higher concentration of nitrogen 
can be introduced by in-situ growth of nitrogen doped SWCNTs or super nitrogen doping of SWCNTs by 
aggressive chemistry. 38 Moreover, an air-tight thin protection layer covering SWCNT films could largely 
avoid the effects from environment without sacrificing the flexibility, which have been achieved by 
deposition of an Al2O3 thin layer, for example.149  
The printable light-weighted and highly flexible TEGs in this work with lightweight and flexibility have a 
high potential for powering wearable and/or remote systems, such as long-term monitoring nodes for 
patients. For example, the compact design allows such TEGs to generate an open circle voltage of 100 mV 
at a temperature difference of 10K, when 360 of thermocouples in series were fabricated. This output 
power may be enough to drive a self-powered wearable electrocardiography system.193 On the other hand, 
conducting polymeric composites have also several potential applications. For example, this cheap PP 
composite with electrical discharge or electromagnetic shielding properties can be used for applications 
like electronic packaging or pipes and tubes.186 Further, the composite made of CNTs and thermoplastic 
polymer is potential to be used for 3D-printing fabrication of elastic strain sensors.194 
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